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I. INTRODUCTION 


Relays are compact analog networks that are connected 
throughout the power system to detect intolerable or un- 
wanted conditions within an assigned area. They are, in ef- 
fect, a form of active insurance designed to maintain a high 
degree of service continuity, protect personnel, and limit 
equipment damage. They are ‘‘Silent Sentinels.”” While pro- 
tective relays will be the main emphasis of this book, other 
types of relays, applied on a more limited basis or used as 
part of a total protective relay system will also be covered. 


II. CLASSIFICATION OF RELAYS 
Relays can be divided into five functional categories: 


a. Protective Relays, which detect defective lines, defective 
apparatus, or other dangerous or intolerable conditions. 
These relays can either initiate or permit switching or 
simply provide an alarm. 


b. Monitoring Relays, which verify conditions on the power 
system or in the protection system. These relays in- 
clude fault detectors, alarm units, channel-monitoring 
relays, synchronism verification, and network phasing. 
Power system conditions that do not involve opening 
circuit breakers during faults can be monitored by veri- 
fication relays. 


c. Programming Relays, which establish or detect electrical 
sequences. Programming relays are used for relcosing 


and synchronizing. 


d. Regulating Relays, which are activated when an operat- 
ing parameter deviates from predetermined limits. Reg- 
ulating relays function through supplementary equip- 
ment to restore the quantity to the prescribed limits. 


e. Auxiliary Relays, which operate in response to the open- 
ing or closing of the operating circuit to supplement 
another relay or device. These include timers, contact- 
multiplier relays, sealing units, receiver relays, lock-out 


relays, closing relays, and trip relays. 
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In addition to these functional categories, relays may be 
classified by input, operating principle or structure, and 
performance characteristic: 


a. Input 

Current 
Voltage 
Power 
Pressure 
Frequency 
Temperature 
Flow 


Vibration. 


b. Operating Principle or Structure 
Percentage 

Multi-restraint 

Product 

Solid state 
Electromechanical 


Thermal. 


c. Performance Characteristic 
®@ Distance 

Directional-overcurrent 

Inverse time 

Definite time 

Undervoltage 

Ground or phase 

High- or slow-speed 

Phase comparison 

Directional comparison 


Segregated phase. 


The above classifications and definitions are based on the 
ANSI Standard C 37.90 (IEEE 313). 


Il. PROTECTIVE RELAYING SYSTEMS AND THEIR 
DESIGN 


Technicially, most relays are small systems within them- 
selves. Throughout this book, however, the term systems 
will be used to indicate a combination of relays of the same 
or different types. Properly speaking, the protective relay- 
ing system includes circuit breakers as well as relays. Re- 
lays and circuit breakers must function together; there is 
little or no value in applying one without the other. 


Protective relays or systems are not required to function 
during normal power system operation, but must be imme- 


diately available to handle intolerable system conditions 
and avoid serious outages and damage. Thus, the true op- 
erating life of these relays can be on the order of a few sec- 
onds, even though they are connected in a system for many 
years. In practice, the relays operate far more during test- 
ing and maintenance than in response to adverse service 
conditions. 


In theory, a relay system should be able to respond to the 
infinity of abnormalities that can possibly occur within the 
power system. In practice, the relay engineer must arrive 
at a compromise based on the four factors that influence 
any relay application: 


a. Economics—initial, operating, and maintenance. 


b. Available measures of fault or troubles—fault magni- 
tudes and location of current transformers and voltage 
transformers. 


c. Operating practices—conformity to standards and ac- 
cepted practices; ensuring efficient system operation. 


d. Previous experience—history and anticipation of the 
types of trouble likely to be encountered within the sys- 
tem. 


The third and fourth considerations are perhaps better ex- 
pressed as the “personality of the system and the relay en- 
gineer.” 


Since it is simply not feasible to design a protective relay- 
ing system capable of handling any potential problem, com- 
promises must be made. In general, only those problems 
which, according to past experience, are likely to occur, 
receive primary consideration. Naturally, this makes relay- 
ing somewhat of an art. Different relay engineers will, us- 
ing sound logic, design significantly different protective 
systems for essentially the same power system. As a result, 
there is little standardization in protective relaying. Not 
only may the type of relaying system vary, but so will the 
extent of the protective coverage. Too much protection is 
almost as bad as too little. 


Nonetheless, protective relaying is a highly specialized 
technology requiring an in-depth understanding of the 
power system as a whole. The relay engineer must know 
not only the technology of the abnormal, but have a basic 
understanding of all the system components and their op- 
eration in the system. Relaying, then, is a ‘‘vertical’’ spe- 


ciality requiring a “horizontal” viewpoint. This horizontal, 


or total system, concept of relaying includes fault protec- 
tion and the performance of the protection system during 
abnormal system operation such as severe overloads, gen- 
eration deficiency, out-of-step conditions, and so forth. Al- 
though these areas are vitally important to the relay engi- 
neer, his concern has not always been fully appreciated or 
shared by his colleagues. For this reason, close and con- 
tinued communication between the planning, relay design, 
and operation departments is essential. Frequent reviews 
of protective systems should be mandatory, since power 
systems grow and operating conditions change. 


A complex relaying system may result from poor system 
design or the economic need to use fewer circuit breakers. 
Considerable savings can be realized by using fewer circuit 
breakers and a more complex relay system. Such systems 
usually involve design compromises requiring careful evalu- 
ation if acceptable protection is to be maintained. 


II.A. Design Criteria 


The application logic of protective relays divides the power 
system into several zones, each requiring its own group of 
relays. 


In all cases, the five design criteria listed below are common 
to any well-designed and efficient protective system or sys- 
tem segment: 


a. Reliability—the ability of the relay or relay system to 
perform correctly when needed (dependability) and to 
avoid unnecessary operation (security). 


b. Speed—minimum fault time and equipment damage. 


c. Selectivity—maximum service continuity with minimum 
system disconnection. 


d. Economics—maximum protection at minimum cost. 
e. Simplicity—minimum equipment and circuitry. 


Since it is impractical to fully satisfy all these design criteria 
simultaneously, the necessary compromises must be evalu- 
ated on the basis of comparative risks. 


WH.A.1. Reliability 


System reliability consists of two elements—dependability 
and security. Dependability is the certainty of correct op- 
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eration in response to system trouble, while security is the 
ability of the system to avoid misoperation between faults. 
Unfortunately, these two aspects of reliability tend to 
counter one another: increasing security tends to decrease 
dependability and vice versa. In general, however, modern 
relaying systems are highly reliable and provide practical 
compromise between security and dependability. 


Protective relay systems must perform correctly under ad- 
verse system and environmental conditions. Regardless of 
whether other systems are momentarily blinded during this 
period, the relays must perform accurately and dependably. 
They must either operate in response to trouble in their as- 
signed area or block correctly if the trouble is outside their 
designated area. 


Dependability can be checked relatively easily in the labora- 
tory or during installation by simulated tests or staged 
faults. Security, on the other hand, is much more difficult 
to check. A true test of system security would have to 
measure response to an almost infinite variety of potential 
transients and counterfeit trouble indications in the power 
system and its environment. A secure system is usually the 
result of a good background in design combined with ex- 
tensive miniature power system testing, and can only be 
confirmed in the power system itself and its environment. 


III.A.2. Speed 


Relays that could anticipate a fault would be utopian. But, 
even if available, they would doubtlessly raise the question 
of whether or not the fault or trouble really required a trip- 
out. The development of faster relays must always be 
measured against the increased probability of more un- 
wanted or unexplained operations. Time, no matter how 
short, is still the best method of distinguishing between real 
and counterfeit trouble. 


Applied to a relay, high speed indicates that the operating 
time usually does not exceed 50 ms (3 cycles on a 60-hertz 
base). The term instantaneous indicates that no delay is 
purposely introduced in the operation. In practice, the 
terms high speed and instantaneous are frequently used in- 
terchangeably. 


III.A.3. Selectivity versus Economics 


High speed relays offer greater service continuity by reduc- 


ing fault damage and hazards to personnel. These relays 


generally have a higher initial cost, which, however, cannot 
always be justified. Consequently, both low and high speed 
relays are used to protect power systems. Both types have 
high reliability records. Records on protective relay opera- 
tions consistently show 99.5 percent and better relay per- 
formance. 


II1.A.4. Simplicity 


As in any other engineering discipline, simplicity in a pro- 
tective relay system is always the hallmark of good design. 
The simplest relay system, however, is not always the most 
economical. As previously indicated, major economies are 
possible with a complex relay system that uses a minimum 
number of circuit breakers. Other factors being equal, sim- 
plicity of design improves system reliability—if only be- 
cause there are fewer elements that can malfunction. 


II1.B. Factors Influencing Relay Performance 


Relay performance is generally classed as: (1) correct, 

(2) no conclusion, or (3) incorrect. Incorrect operation 
may be either failure to trip or false tripping. The cause of 
incorrect operation may be: (1) poor application, (2) incor- 
rect settings, (3) a personnel error, or (4) equipment mal- 
function. Equipment that can cause an incorrect operation 
includes current transformers, voltage transformers, break- 
ers, cable and wiring, relays, channels, or station batteries. 


Incorrect tripping of circuit breakers not associated with 
the trouble area is often as disastrous as a failure to trip. 
Hence, special care must be taken in both application and 
installation to ensure against the possibility of incorrect 
tripping. 


“No conclusion” is the last resort when no evidence is avail- 
able for a correct or incorrect operation. Quite often this 
is a personnel involvement. 


IIi.C. Zones of Protection 


The general philosophy of relay application is to divide the 
power system into protective zones that can be protected 
adequately with the minimum amount of the system dis- 
connected. The power system is divided into protective 
zones for: 


1. Generators 


2. Transformers 

3. Buses 

4. Transmission and distribution circuits 

5. Motors. 

A typical power system and its zones of protection are 


shown in Figure 1-1. The purpose of the protective system 
is to provide the first line of protection, within the guide- 


lines outlined above. Since failures do occur, however, 
some form of backup protection is provided to trip out the 
adjacent breakers or zones surrounding the trouble area. 


Figure 1-1: A Typical System and Its Zones of Protection. 


Protection in each zone is overlapped to avoid the possibil- 
ity of unprotected areas. This overlap is accomplished by 
connecting the relays to current transformers, as shown in 
Figure 1-2. Figure 1-2a shows the connections for “dead 
tank” breakers, and Figure 1-2b for the “live tank” break- 
ers commonly used with EHV circuits. Any trouble in the 
small area between the current transformers will operate 
both Zone A and Zone B relays and trip all breakers in the 
two zones. In Figure 1-2a, this small area represents the 
breaker and, in Figure 1-2b, the current transformer, which 
may or may not be part of the breaker. 


CLT for Zone B 


Circutt Breaker 


CT for ZoneA <@ 


a) Dead Tank Breaker and Breakers With Separate Current 
Transformers on Both Sides of Breakers. 


Circuit Breaker 


CT. for Zone A 


C1 for Zone B 


b) Live Tank and Breakers With Separate Current Transformers 
on One Side Only. 


Figure 1-2: The Principle of Overlapping Protection Around a 
Circuit Breaker. 


IV. APPLYING PROTECTIVE RELAYS 

The first step in applying protective relays is to state the 
protection problem accurately. Although developing a 
clear, accurate statement of the problem can often be the 
most difficult part, the time spent will pay dividends—par- 
ticularly when assistance from others is desired. Informa- 
tion on the following associated or supporting areas is nec- 
essary. 

a. System configuration 


b. Existing systems protection and its difficulties 


c. Existing operating procedures and practices; possible 
future expansions. 


d. Degree of protection required 

e. Fault study 

f. Maximum load; current transformer ratios 

g. Voltage transformer locations, connections, and ratios 


h. Impedance of the lines and transformers. 


1-5 


IV.A. System Configuration 


System configuration is represented by a single line dia- 
gram showing the area of the system involved in the pro- 
tection problem. This diagram should show in some detail 
the location of the breakers, the bus arrangements, the taps 
on lines and their capacity, the location and size of the gen- 
eration, the location, size and connections of the power 
transformers and system frequency. 


Transformer connections are particularly important. For 
ground relaying, the location of the ground sources must 
also be known. 


IV.B. Existing System Protection and Procedures 


The existing protective equipment and the reasons for the 
desired change(s) should be outlined. Difficulties with the 
present relaying system are a valuable guide to improve- 
ments. New installations should be so specified. As new re- 
lay systems will often be required to operate with or utilize 
parts of the existing relaying, details on these existing sys- 
tems are important. 


Wherever possible, changes in system protection should 
conform with existing operating procedures and practices. 
Exceptions to standard procedures tend to increase the 

risk of personnel error and may disrupt the efficient opera- 
tion of the system. Anticipated system expansions can also 
greatly influence the choice of protection. 


IV.C. Degree of Protection Required 


To determine the degree of protection required, the general 
type of protection being considered should be outlined, to- 
gether with the system conditions or operating procedures 
and practices that will influence the final choice. These 
data will provide answers to the following types of ques- 
tions. Is pilot, high-speed, medium-, or slow-speed relaying 
required? Is simultaneous tripping of all breakers of a 
transmission line desired? Is instantaneous reclosing 
needed? 


IV.D. Fault Study 
An adequate fault study is necessary in almost all relay ap- 


plications. Three-phase faults, line-to-ground faults, and 
line-end faults should all be included in the study. Line-end 
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fault* data are important in cases where one breaker may 
operate ahead of another. For ground-relaying, the fault 
study should include zero sequence voltage and negative 
sequence currents and voltages. These quantities are easily 
obtained during the course of a fault study and are often 
extremely useful in solving a difficult relaying problem. 


IV.E. Maximum Loads, Transformer Data, and Impedances 


Maximum loads, current and potential transformer connec- 
tions, ratios and locations are required for proper relay ap- 
plication. Maximum loads should be consistent with the 
fault data, and should be based on the same system condi- 
tions. Line and transformer impedances should also be 
known. Phase sequence should be specified if three-line 
connection drawings are involved. 


Obviously, not all the above data are necessary in every ap- 
plication. It is desirable, however, to at least review the 
system with respect to the above points and, wherever ap- 
plicable, to compile necessary data. 


In any event, no amount of data can ensure a successful 
relay application unless the protection problems are first 
defined. In fact, the application problem is essentially 
solved when the available measures (handles) for distin- 
guishing between tolerable and intolerable conditions can 
be identified and specified. 


V. RELAYS AND APPLICATION DATA 


Connected to the power system through the current and 
voltage transformers, protective relays are wired into the 
control circuit to trip the proper circuit breakers. In the 
following discussion, typical connections for relays 
mounted on conventional switchboards and for rack- 
mounted solid-state relays will be used to illustrate the 
standard application practices and techniques. 


V.A. Switchboard Relays 


Most relays are supplied in a rectangular case which is per- 
manently mounted on a switchboard located in the station 
control house. The relay chassis slides into the case and 


*The line-end fault is the three-phase or line-to-ground fault on the 
line side of a breaker, with that breaker open. After the near 
breaker clears, fault current is redistributed through the remote 
breaker. 


can be conveniently removed for testing and maintenance. 
The case is usually mounted flush and is permanently 
wired to the input and control circuits. In the Westing- 
house Flexitest case, the electrical connections are made 
through small, front-accessible, knife-blade switches. A 
typical switchboard relay is shown in Figure 1-3; its cor- 
responding internal schematic is shown in Figure 1-4. 
While the example shown is an electromechanical relay, a 
number of solid-state relays are in the Flexitest case for 
switchboard mounting. 


Figure 1-3: A Typical Switchboard Type Relay. (The CR Directional 
Time Overcurrent Relay (67) in The Flexitest Case.) 


The important designations in the ac schematic for the re- 
lay, such as that shown in Figure 1-5, are: 


a. Phase rotation 


o 


. Tripping direction 


c. Current and voltage transformer polarities 


Qa 


. Relay polarity and terminal numbers 
e, Phasor diagram. 


All these designations are required for a directional relay: 

in other applications, some may not apply. In accordance 
with convention, all relay contacts are shown in the posi- 

tion they assume when the relay is deenergized. 


Indicating 
Contactor Switch 


D ; po alae. Induction Unit 


Directional Unit 


Induction Unit 


Current Test Jack 


Red Handle 
Test Switch 


Chassis Operated 
(2) Shorting Switch 
we Terminal 


With Relative Instantaneous Polarity as Shown The Directional Unit 
Contacts Close. 


Note: Front View 


Figure 1-4: Typical Internal Schematic for a Switchboard Mounted 
Relay. (The Circuit Shown is for The CR Directional 
Time Overcurrent Relay of Figure 1-3.) 


Case Test Switch Current Shorting Type 


Phase Rotation a,b,c MT. Polarity Marks 


lomo} 


Relay Terminal Number 


and Polarity Voltage 


Transformers 


67-CR 


s 

8 67N-CRC 

ia) 

Dp 

& Phase 
Ss CT Polarity Marks 

| Power Transformer 

Bank Neutral 
abe 67N-CRC 

Phasors for 100% or ? 


P.F. Current in 
Tripping Direction 


Vea 


Figure 1-5: Typical Ac Schematic for a Switchboard Mounted 
Relay. (The Connections are for The CR Phase and CRC 
Ground Directional Time Overcurrent Relay of 
Figure 1-3.) 
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A typical control circuit is shown in Figure 1-6. Three 
phase relays and one ground relay are used to protect a cir- 
cuit, but any one could trip the associated circuit breaker 
to isolate the trouble or fault area. A station battery, 
either 125 Vdc, or 250 Vdc, is commonly used for tripping. 
Lower-voltage batteries are not recommended for tripping 
service. 


Relay Terminal Number 


Positive @ b c Ground 


10 


~w Case Test 
Switch 


Negative 


Figure 1-6: Typical Dc Schematic for a Switchboard Mounted 
Relay. (The Connections are for Three Phase Type CR 
and One CRC Ground Directional Time Overcurrent 
Relays of Figure 1-3 Applied to Trip a Circuit Breaker.) 


In small stations where a battery cannot be justified, trip- 
ping energy is obtained from a capacitor trip device. This 
device is simply a capacitor charged, through a rectifier, by 
the ac line voltage. When the relay contacts close, the en- 
ergy in the capacitor is sufficient to trip the breaker. Line 
voltage cannot be used directly since, of course, it may not 
be available during fault conditions. 


Alternatively, the series trip method can be used in stations 
not equipped with a station battery (Figure 1-7). When the 
magnitude of the fault current exceeds the relay pickup 
current, the fault current is diverted through the trip coil 
by the open contact CS. The internal schematic of this 
CO-type relay is shown in Figure 1-8. Note that three sep- 
arate ac-type trip coils are required. 
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Station Bus 


Phase a 


Phase b 


Phase c 


Operation 
indicator 


Figure 1-7: A Typical Series Trip Circuit External Diagram. (The 
Connections are Shown for Three Type CO Circuit 
Opening Time Overcurrent Relays.) 


Operation Indicator 


DE-ION Contactor 
Switch 


Auxiliary Current 
Transformer 
Primary 


Auxiliary Current 
ale co co Transformer 
Secondary 


Induction Unit 


Current Test Jack 


1@) 0 00 0 ®& Oo | 
Test Switch 
ie) 


oo 0 0 9 1) 
L | 
Chassis Operated 


049 ooo} 


Front View 


Note: 
Terminals 1 and 8 are to be Jumped at Relay Case. 


Figure 1-8: Internal Schematic of The CO Circuit Opening Time 
Overcurrent Relay. 


V.B. Rack-Mounted Relays 


Rack mounting is normally used for solid-state relays, in 
which many small components are mounted on printed 
circuit boards (Figure 1-9). Since these relays involve more 
complex and sophisticated circuitry, different levels of in- 
formation are required to understand their operation. A 
logic diagram will provide the understanding of the basic 
circuitry necessary for applying solid-state relays. Figure 
1-10 is a logic diagram for the SBEU solid-state relay shown 
in Figure 1-9. Figure 1-10 also includes the external dc 
schematic, making this figure the rough equivalent of Fig- 
ure 1-6. The ac circuits are shown in Figure 1-11, which is 
the equivalent of Figure 1-5. Each printed circuit board 
module has a logic diagram (Figure 1-12a), a complete 
schematic (Figure 1-12b), and a location diagram (Figure 
1-13). 


VI. CIRCUIT BREAKER CONTROL 


Complete tripping and closing circuits for circuit breakers 
are complex. A typical circuit diagram is shown in Figure 
1-14. In this diagram, the protective relay circuits such as 
that shown in Figure 1-6 are abbreviated to a single contact 
marked “Protective Relays.” While the trip circuits must 
be energized from a source available during a fault (usually 
the station battery), the closing circuits may be operated 
on ac. Such breakers have control circuits similar to those 
shown in Figure 1-14, except that the 52X, 52Y, and 52CC 
circuits are arranged for ac operation. 


Figure 1-9:A Typical Rack Type Relay. (The SBFU Static Circuit 
Breaker Failure Relay (62). 
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Piug Connector (Arrow Equipment Side } ( Tail External Side} 


Breaker Failure Logic Module 


Can be Thyristor 


as an Option Chassis 


Terminal 


Power Supply Module 


ne eae | 
14 
kro + 20 Volts 
<1] 


Negative 1 l 


To Terminat 14 
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deTrip 
Supply 
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A Capacitor 


Block 
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Splitter Circuit 
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9 


ac Connections Per Figure I-N1 


Phase Overcurrent Module 


Phase 
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Figure 1-10: A Typical Logic Diagram and External dc Schematic for a Solid State Relay. (The Connections 


Isolator 


Note: 


*A Relay Output Module can be Substituted 
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Primary 
Relays 


Relay Terminal Block 


Bus | | 
Relays 
= 


o bo ¢ 
Transmission Line (or Transformer} 


Figure 1-11: Typical Ac Schematic for a Rack Type Relay. (The 
Connections are for The SBFU Static Circuit Breaker 
Failure Relay of Figure 1-9.) 
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* Style and Reterence Columns 
Omitted in This Typical Example. 


Figure 1-12: Typical Logic Diagram and Internal Schematic of a 
Logic Module. (This is The Ground Overcurrent 
Module for The SBFU Relay of Figure 1-9.) 


| 
ae 
wo 


Figure 1-13: Typical Module Component Location Diagram. (This 
is for The Ground Overcurrent Module of Figure 
1-12.) 


The middle circuit Y is similar to X except that an inverting 
amplifier is used, to provide a positive output from a nega- 
tive input current. At high currents the level detector 


switches from “1” to “0” during the negative half cycle in- 
put. 


The lower circuit (Z) generates a symmetrical square wave 
at low currents. At no current it has a “1” output. The cir- 
cuit is similar to the X circuit. P3 is much larger than R3 
and R8 much larger than R9 to provide a high gain and a 
low level detector switching voltage. Square wave detection 
is accomplished with the operational amplifier timing cir- 


Protective Relays 


Positive 


To Reclosing S2LC 
Circuits 
When-Used 


Negative 


Device Number Chart 


101 - Manual Control Switch: (T) Trip, (C) Close, (SC) Slip Contact 
52 - Circuit Breaker: (C) Close, (T) Trip, (X) Auxiliary, 


(Y) Anti-Pump Auxiliary, (LC) Latch Check 
R - Red Indicating Lamp 
G - Green Indicating Lamp 


Figure 1-14: A Typical Control Circuit Schematic for a Circuit 
Breaker Showing The Tripping and Closing Circuits. 
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cuit whose output is D. Resistor R11 should be greater than 
R10 so that the capacitor (C) discharge rate is less than the 
charge rate. With no square wave (i.e. no current), than ca- 
pacitor C will remain fully charged causing the level detec- 
tor following it to remain switched in the low state. How- 
ever, if a square wave exists, then the zero transitions slow 
capacitor C to discharge below the level detector threshold, 
causing output D to become ‘1’. When the Square wave be- 
comes “1”’ during the opposite half cycle the charge rate of 
(R11) (C) is high enough to prevent further switching of the 
level detector providing a Square wave exists. 


Chapter 2 


Technical Tools of the Relay 
Engineer: Phasors, Polarity, 
and Symmetrical Components 


Author: J. L. Blackburn 
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I. INTRODUCTION 


In addition to a general knowledge of electrical power sys- 
tems, the relay engineer must have a good working under- 
standing of phasors, polarity, and symmetrical components, 
including voltage and current phasors during fault condi- 
tions. These technical tools are used for application, anal- 
ysis, checking, and testing of protective relays and relay 
systems. 


II. PHASORS 


A phasor is a complex number used to represent electrical 
quantities. Originally called vectors, the quantities were 
renamed to avoid confusion with space vectors. Neverthe- 
less, the term vectors is still used synonymously with 
phasors in relaying and power system engineering. 


In relaying, phasors and phasor diagrams are used both to 
aid in applying and connecting relays and for analysis of re- 
lay operations after faults. 


Phasor diagrams must be accompanied by a circuit diagram. 
If not, then such a circuit diagram must be obvious or as- 
sumed in order to interpret the phasor diagram. The phasor 
diagram shows only the magnitude and relative phase angle 
of the currents and voltages, while the circuit diagram shows 
only the location, direction, and polarity of the currents 
and voltages. These distinctions are important. Confusion 
generally results when the circuit diagram is omitted, or 
when the two diagrams are combined. 


There are several systems and many variations of phasor 
notation in use. The system outlined below is used in all 
Westinghouse relay diagrams. 


II.A. Circuit Diagram Notation for Current and Flux 


The reference direction for the current or flux can be indi- 
cated by: (1) an identified directional arrow in the circuit 
diagram, as shown in Figure 2-1; or (2) the double subscript 
method, such as lap defined as the current flowing from 
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terminal “a” to terminal “b,” as in Figure 2-2. 


In all cases, the directional arrow or the double subscript 
indicates the actual or assumed direction of current (or 
flux) flow through the circuit during the positive half-cycle 
of the ac wave. 
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Figure 2-1: Reference Circuit Diagram Illustrating Single 
Subscript Notation. 


Figure 2-2: Reference Circuit Diagram Illustrating Double 
Subscript Notation. (Current Arrows Not Required but 
are Usually Shown in Practice.) 


I.B. Circuit Diagram Notation for Voltage 


The relative polarity of an ac voltage may be shown in the 
circuit diagram by: (1) a+ mark at one end of the locating 
arrow (Figure 2-1) or (2) the double subscript notation 
(Figure 2-2). In either case, the meaning of the notation 
must be clearly understood. Failure to properly define 
notation is the basis for much confusion among students 
and engineers. 


The notation used in this text is defined as follows: 


a. The letter ‘“‘V” or “E” is used to designate voltages, 
without assigning separate significance to either. ““V” 
is preferred. For simplicity, only voltage drops are used. 
In this sense, a generator rise is considered a negative 
drop. 


b. If locating arrows are used in the circuit diagram with a 
a single subscript notation, the + mark at one end indi- 
cates the terminal of actual or assumed positive potential 
relative to the other in the half-cycle. 


c. If double subscript notation is used, the order of the 
subscripts indicates the actual or assumed direction of 


the voltage drop when the voltage is in the positive half- 
cycle. 


Thus, the voltage between terminals a and b may be writ- 
ten as either Vis or E.b: Voltage Vab or E,p is positive if 
terminal a is at a higher potential than terminal b when the 
ac wave is in the positive half-cycle. During the negative 
half-cycle of the ac wave, Vag or E,b is negative, and the 
actual drop for that half-cycle is from terminal b to termi- 
nal a. 


ILC. Phasor Notation 


As with all vector quantities, phasors must be referred to 
some reference frame. The most usual reference frame con- 
sists of the axis of real quantities (x) and the axis of imagi- 
nary quantities (y), as shown in Figure 2-3. The axes are 
fixed in the plane, and the phasors rotate, since they are 
sinusoidal quantities. (The convention for positive rotation 
is counterclockwise.) The phasor diagram therefore repre- 
sents the various phasors at any given common instant of 
time. 


Abscissa 


a a Point"P" 
te 


Phasor 
Rotation 


b Ordinate 


ie) 
Cartesian Coordinates - @ Measured Counter-clockwise is Positive 


Figure 2-3: Reference Axis and Nomenclature for Phasors. 


Theoretically, the length of a phasor is proportional to its 
maximum value, with its projections on the real and imagi- 
nary axes representing its real and imaginary components 
at that instant. By arbitrary convention, however, the 
phasor diagram is constructed on the basis of rms values, 
which are used much more frequently than maximum val- 
ues. The phasor diagram indicates angular relationships 
under the chosen conditions, normal or abnormal. 


For reference and review, the various forms, for representa- 
tion of point P in Figure 2-3 are as follows: 


Rectan- Expo- 

gular Complex nential Polar Phasor 
Form Form Form Form Form 

atjb =c(Cos0+jSin@)=ce9 = @2= & (24) 


c(Cos@-jSin@)=ce? =clO°= 8 (2-2) 


4 
HT] 


a-jb 
Where 
= real value 
b = imaginary value 
c = modulus or absolute value (magnitude) 
6 = argument or amplitude (relative position) 


If c is a phasor, then ¢ is its conjugate. Thus, if 


c=atjb 
€=a-jb 


The absolute value of the phasor is |c| or ¢. 

T= Va2 + b2 (2-3) 
By adding Equations (2-1) and (2-2), 

a=1/2(c +8) (2-4) 
By subtracting Equations (2-1) and (2-2), 

jb=1/2(c -@) (2-5) 
I1.C.1. Multiplication Law 
The absolute value of a phasor product is the product of 


the absolute values of its components, and the argument is 
the sum of the component arguments: 


EI=ExI Gy + 05 
or 
ET= Fel?) x TeT?2 
=Ex! 9, -85 (2-7) 
ILC.2. Division Law 


The division law is the inverse of multiplication: 


Oy 


E Ee! 
T 


Oy - 05 (2-8) 


1¥.C.3. Powers of Complex Numbers 
(Tel) = yr_in# (2-9) 


Thus, for i2 equals 28, 


Ve i0 = (-e) (2-10) 
n 


The product of a phasor times its conjugate is: 


if=Tel? x fei? 
=]7ei 6-6) 
_72 


(2-11) 


Other reference axes used frequently are shown in Figure 
2-4. Their application will be covered in later chapters. 


-X -Q 


Impedance Phasors 


Power Phasors 


Note: Note: 
R = Resistance P = Real Power (Watts) 
X = Reactance Q = Reactive Power (Vars) 


Figure 2-4: Other Reference Axes for Phasors Used in Relaying 
and Power Systems. 


II.D. Phasor Diagram Notation 


In Figure 2-5, the phasors all originate from a common 
origin. This method is preferred. In an alternate method, 
shown in Figure 2-6, the voltage phasors are moved away 
from a common origin to illustrate the phasor addition of 
voltages in series (closed system). While this diagram nota- 
tion can be useful, it is not generally recommended since it 
often promotes confusion by combining the circuit and 
phasor diagrams. 


24 


common in the United States, n and g coincide during nor- 
mal symmetrical or balanced operation. During conditions 
of unbalanced loads and unbalanced faults, the neutral and 
Circuit Diagram ground are different, usually quite significantly. 


Generator Lines and Transformers 
wn 


a 


Phasor 
Rotation 


Phasor Diagram 


Figure 2-5: Open Type Phasor Diagram for The Basic Elements 
(Resistor, Reactor and Capacitor) Connected in Series. 


a) Circuit Diagram 


in a Symmetrical or 
Balanced System 
Vab = Van- Vbn 
Vbc = Vbn - Ven 
Vea Ven- Van 


Figure 2-6: Alternate Closed Type Phasor Diagram for The Basic 
Circuit of Figure 2-5. 


ILE. Three-Phase Systems 
b) Phasor Diagram (Open System) 


Notation for three-phase systems varies considerably. In 
the United States, the phases are labeled a, b, c, or A, B,C, 
or 1, 2,3. In other countries, the corresponding phase 


Figure 2-7: Designation of The Voltages and Currents in a Three 
Phase Power System. 


designation of 1, s, t is frequently used. 


The letter designations are preferred and used here to avoid 
possible confusion with symmetrical components notation. 
A typical three-phase system, with its separate circuit and 
phasor diagrams, is shown in Figure 2-7. The alternate 
closed system phasor diagram is shown in Figure 2-8. With 
this type of diagram, one tends to label the three corners 
of the triangle a, b, and c-thereby combining the circuit 
and phasor diagrams. The resulting confusion is apparent 
when one notes that, with a at the top corner and b at the 
lower right corner, the voltage drop from a to b would indi- 


Figure 2-8: Alternate Closed System Phasor Diagram for The 
Three Phase Power System of Figure 2-7. 


cate the opposite arrow from that shown on Vab- 

Ground impedance (R, or R,) resulting in a rise in station 
Neutral (n) and ground (g), while often used interchange- ground potential can be important factors in relaying. This 
ably, are not the same. In the solidly grounded systems will be considered in later chapters. 


According to ANSI Standard C42.100, “the neutral point 
of a system is that point which has the same potential as 
the point of junction of a group (3 for three-phase) of 
equal non-reactive resistances if connected at their free 
ends to the appropriate main terminals or lines of the sys- 
tem.” This neutral point should not be grounded when de- 
terming the neutral. 


I1.F. Phase Rotation versus Phasor Rotation 


Phase rotation or, preferably, phase sequence is the order in 
which successive phase phasors reach their positive maxi- 
mum values. Phasor rotation is, by international conven- 
tion, counterclockwise in direction. Practically, then, phase 
rotation or sequence is the order in which the phasors pass 
a fixed point. 


All standard relay diagrams are for phase rotation a, b, c. 

It is not uncommon for power systems to have one or more 
voltage levels with a, c, b rotation; then specific diagrams 
must be made accordingly. The connection can be changed 
from one rotation to the other by completely interchang- 
ing b and c for the equipment and connections. 


Il. POLARITY IN RELAY CIRCUITS 
II.A. Polarity of Transformers 


The polarity indications shown in Figures 2-9 and 2-10 ap- 


ply for both current and potential transformers, or for any 
type of transformer with either subtractive or additive po- 
larity. 


—+Ip — 1, 


Primary 


Secondary 


—?* Ip 


Secondary 


Primary 


— I, 


b) Additive Polarity 


Figure 2-9: Polarity and Circuit Diagram for Transformers. 
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Linear Coupler 


Current Transformer 


Figure 2-10: Polarity and Circuit Diagram for Conventional 
Representation of Current and Linear Coupler 
Transformer. 


The polarity marks X or @ indicate. 


a. The current flowing out at the polarity-marked terminal 
on the secondary side is substantially in phase with the 
current flowing in at the polarity-marked terminal on 
the primary side. 


b. The voltage drop from the polarity-marked to the non- 
polarity-marked terminals on the primary side is sub- 
stantially in phase with the voltage drop from the 
polarity-marked to the non-polarity-marked terminals 
on the secondary side. 


The expression ‘‘substantially in phase” allows for the small 
phase angle error. 


IlI.B. Polarity of Protective Relays 


Polarity is always associated with directional-type relay 
units, such as those indicating the direction of power flow. 
Other protective relays, such as distance types, may also 
have polarity markings associated with their operation. Re- 
lay polarity is indicated on the schematic or wiring dia- 
grams by a small + mark above or near the terminal sym- 
bol or relay winding, together with a note indicating its 
meaning. Two such marks are necessary: one mark alone 
has no meaning. 


Typical polarity markings for a directional unit are shown 
in Figure 2-11. In this example, the markings indicate that 
the relay will close its contacts when the voltage drop from 
polarity to non-polarity in the voltage coil has a specified 
relation with the current flow from polarity to non-polarity 
in the current coil. Of course, regardless of polarity, the 
levels must be above the relay pickup quantities for the re- 
lay to operate. 


With Relative Instantaneous Polarity as Shown, 
The Contacts Close. 


Figure 2-11: Polarity Markings for Protective Relays. 


IIL.C. Characteristics of Directional Relays 


Directional units* can conveniently serve to illustrate the 
practical application of phasors and polarity. In addition 
to polarity, these units have a phase angle characteristic 
which must be understood if they are to be properly con- 
nected to the power system. The characteristics discussed 
below are among the most common. 


I11.C.1. Cylinder-Type Directional Unit 


As shown in Figure 2-12, the cylinder-type unit has maxi- 
mum torque when I flowing from polarity to non-polarity 
leads V drop from polarity to non-polarity by 30°. The re- 
lay minimum pickup values are normally specified at this 
maximum torque angle. As current I, lags or leads this 
maximum torque position, more current is required (at a 
constant voltage) to produce the same torque. Theoreti- 
cally, at 120° lead or 60° lag, no torque results for any cur- 
rent magnitude. In practice, however, this zero torque 

line is a zone of no operation and not a thin line through 
the origin, as commonly drawn. 


Maximum Zero 
Torque Line Torque Line 


Contact 


Closing Zone 


Contact 
Opening 
Zone 


Figure 2-12: Phase Angle Characteristics of The Cylinder Type 
Directional Relay Unit. 


*Except for reverse power protection, directional relays are always 
used with fault-sensing units, such as overcurrent types. The pri- 
mary function of the directional unit is to limit relay operation to a 
specified direction. These highly sensitive units operate on load in 
the tripping direction. 


IJ.C.2. Ground Directional Unit 


As shown in Figure 2-13, the ground directional unit usu- 
ally has a characteristic of maximum torque when I flow- 
ing from polarity to non-polarity lags V drop from polarity 
to non-polarity by 60°, While this characteristic may be 
inherent in the unit’s design, an auxiliary phase shifter is 
generally required. The phase shifter is self-contained in 
the relay case and is not shown in the simplified circuit dia- 


gram. 


Maximum 
Torque Line 


Contact 
Closing Zone 


—«— Zero Torque Line 
Contact 


Opening Zone 


Figure 2-13: Phase Angle Characteristics of a Ground Directional 
Relay Unit. 


111.C.3. Watt-Type Directional Unit 


The characteristic of the watt-type unit is as shown in Fig- 
ure 2-14. 


Maximum 
Torque Line 


Contact 


Closing Zone 


Contact 
Opening Zone 


Zero Torque Line 


Figure 2-14: Phase Angle Characteristics of a Watt Type 
Directional Relay Unit. 


Il.D. Connections of Directional Units to Three-Phase 


Power Systems 


The relay unit’s individual characteristic, as discussed so 
far, is the characteristic that would be measured on a single- 
phase test. Faults on three-phase power systems can, how- 


ii. oii 


ever, produce various relations between the voltages and cur- 
rents. To ensure correct relay operation, it is necessary to 
select the proper quantities to apply to the directional 

units. For all faults in the operating zone of the relay, the 
fault current and voltage should produce closing torque as 
close to maximum as possible. Fault current generally lags 
its unity power factor position by between 20° to 85°, de- 
pending on the system voltage and characteristics. 


The five types of directional element connections (Figure 
2-15) have been used for many years. To make these three- 
phase system connections, the proper system quantities are 
selected to give the desired maximum torque position, con- 
sidering the phase angle characteristic of the directional 
unit. A study of these connections reveals that none is per- 
fect. All will provide incorrect operation under some fault 
conditions. These conditions are, moreover, not exactly 
the same for each connection. Fortunately, the probability 
of such fault conditions occurring in most power systems is 
usually very low. 


a) Available Quantities 


Connection | Unit Phase A | Phase B | Phase C| Maximum 
Type ! Vv ! Vv 1 | Vv [Torque When 


T 30° Watt | la [Vacl Ib |Vba | Ic |Veb{ | lags 30° 


2 60°-A Watt | la!b| Vac | Ib-le | Vba jlcla|Vcb| | lags 60° 
3 60°- A Watt la |-Vce] Ib |-Va | le |-Vb] | lags 60° 
4 


90°-45° | Watt®] la |Vbc! Ib |Vca | Ic |Vab| | lags 45° 


5 90°-60° |Cylinder] la |{Vbc} Ib |Vca] le |Vab{ | lags 60° 


Maximum Torgue When “I” Lags its 1.0 p.f. Position by 
The Angle Indicated. 


Note: (%) Connections and Phasor Diagrams for Phase “a” are: 


+ Ig 
O“YYY.-0-0-[—___ 0 
— Ss t 
; Ip is Vbc* Vet 
4 lp Ves 
V Vst 
. Ig 


b) Available Connections 


Figure 2-15: Directional Element Connections. 
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The standard 90° connection is the one best suited to 
power systems. Here, the system quantities applied to the 
relay are 90° apart at unity power factor, balanced current. 
With this connection, maximum torque can occur at various 
angles, depending on relay design, as in connections 4 and 
5. The 90°-60° connection is the Westinghouse standard 
for phase relays. The 90° angle is that between the unity 
power factor current and the voltage, as applied to the re- 
lay. The 60° angle indicates the current lag from unity 
power factor to provide maximum torque. 


Figure 2-16 is a composite circuit diagram illustrating the 
phase-a connections for these five connections which have 
been used over the years together with the connections for 
a ground directional relay. The phasor diagram is shown in 
Figure 2-15a for the phase relays and in Figure 2-17 for the 
ground relay. 


The 90°-60° and the ground relay connections are the 
standard Westinghouse connections. 


Bus Phase Rotation a,b,c 


ooca 


Voltage 
Transformers 


+ Ground Relay 
E+ 


a Tripping Direction 


Auxiliary 
CT's 
b 


Figure 2-16: Directional Unit Connections (Phase “a” Only) for 
Five Types of Connections plus The Ground 
Directional Relay Connections. 
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Figure 2-17: Phasor Diagram for The Ground Directional Relay 
Connection Shown in Figure 2-16. ( Phase “a’-to- 
Ground Fault is Assumed on a Solidly Grounded 
System). 


IV. FAULTS ON POWER SYSTEMS 


A fault-proof power system is neither practical nor econom- 
ical. Modern power systems, constructed with as high an 
insulation level as practical, have sufficient flexibility so 
that one or more components may be out of service with 
minimum interruption of service. In addition to insulation 
failure, faults can result from electrical, mechanical, and 
thermal failure—or from any combination of failures. 


IV.A. Fault Types and Causes 


To ensure adequate protection, the conditions existing on a 
system during faults must be clearly understood. These ab- 
normal conditions provide the discriminating means for re- 
lay operation. The major types and causes of failures are 
listed in Table 2-1. 


Table 2-1 


Major Types and Causes of Failures 


Insulation Design defects or errors 
Improper manufacturing 
Improper Installation 
Aging Insulation 


Electrical Lightning Surges 


Switching Surges 
Dynamic Overvoltages 


Wind 
Snow or ice 
Contamination 


Mechanical 


Thermal Overcurrent 


Overvoltage 


Relays must operate for several types of faults: 
@ Three-phase (a-b-c, a-b-c-g) 

@ Phase-to-phase (a-b, b-c, c-a) 

@ Two-phase-to-ground (a-b-g, b-c-g, c-a-g) 

@ Phase-to-ground (a-g, b-g, c-g). 


Unless preceded by or caused by a fault, open circuits on 
power systems occur infrequently. Consequently, very few 
relay systems are designed specifically to provide open- 
circuit protection. One exception is in the lower voltage 
areas, where a fuse can be open. 


Simultaneous faults in two parts of the system are generally 
impossible to relay properly under all conditions. If both 
simultaneous faults are in the relays’ operating zone, at 
least one set of relays is likely to operate, with subsequent 
sequential operation of other relays seeing the faults. 
Where faults appear both internal and external simultane- 
ously, the relays have difficulty determining whether to 
trip or not. Fortunately, simultaneous faults do not hap- 
pen very often and are not a major cause of incorrect op- 
erations. 


IV.B. Characteristics of Faults 


IV.B.1. Fault Angles 

The power factor, or angle of the fault current, is deter- 
mined for phase faults by the nature of the source and con- 
nected circuits up to the fault location and, for ground 
faults, by the type of system grounding as well. The cur- 
rent will have an angle of 80° to 85° lag for a phase fault 


at or near generator units. The angle will be less out in the 
system, where lines are involved. 


Typical open-wire transmission line angles are as follows: 
® 7.2 to 23 kV: 20° to 45° lag 
© 23 to 69 kV: 45° to 75° lag 
© 69 to 230 kV: 60° to 80° lag 


© 230 kV and up: 75° to 85° lag 


At these voltage levels, the currents for phase faults will Similarly, 
have the angles shown where the line impedance predomi- 
nates. If the transformer and generation impedance pre- Veg = Y ai + Vag 


dominates, the fault angles will be higher. Systems with 
cables can have lower angles if the cable impedance is a or 
large part of the total impedance to the fault. 


Vinge = Voge Yen (2-13) 

IV.B.2. System Grounding 
and 

System grounding significantly affects both the magnitude 
and angle of ground faults. There are three classes of Vag = Nant Vag 
grounding: ungrounded (isolated neutral), impedance 
grounded (resistance or reactance), and effectively or 
grounded (neutral solidly grounded). An ungrounded sys- 
tem is still connected to ground through the natural shunt V..=V..-V (2-14) 


capacitance, as illustrated in Figure 2-18, and Figures 11-1 
and 11-2 (Chapter 11). In addition to load, small (usually By fundamental definitions, 
negligible) charging currents flow normally. 


Van * Von * Yen = 9 (2-15) 
Vag t Vig t Vog= 3Vq (2-34) 


Subtracting Equation (2-15) from (2-34) and substituting 
(2-12), (2-13), and (2-14): 


Vag ~ Van t Vog ~ Von t Veg ~ Ven = 3Vo (2-16) 


Vag * Yng * Yng = 3% 


Normal Balanced Conditions Phase “a” Grounded 


Figure 2-18: Voltage Plot for a Solid Phase “a”-to-Ground Fault on Vg : Vo HN) 
an Ungrounded System. 

Thus, the displacement of the neutral is the zero sequence 
In a symmetrical system, where the three capacitances to voltage. 
ground are equal, g equals n. If phase a is grounded, the 
triangle shifts as shown in Figure 2-18. Consequently, Vog Grounding and its influence on relaying is discussed in 
and Veg become approximately /3 times their normal Chapters 10 and 11. 
value. In contrast, a ground on one phase of a solidly 
grounded radial system will result in a large phase and 
ground fault current but no increase in voltage on the un- 


faulted phase (Figure 2-19). 


From Figures 2-18 and 2-19, the voltage drops between 
points b, n, and g can be written as follows: 
Vp 


Z° Von # Vung 


Normal Balanced Solid Phase “a”-to- 
Conditions Ground Fault 


or 


Figure 2-19: Voltage Plot for a Solid Phase “a”-to-Ground Fault on 
Vag = Vog - Von (2-12) a Solidly Grounded System. 
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IV.B.3. Fault Resistance 


Unless the fault is solid, an arc whose resistance varies with 
the arc length and the magnitude of the fault current is usu- 
ally drawn through air. Several studies indicate that, for 
currents in excess of 100 Amp, the voltage across the arc 

is nearly constant at an average of approximately 440 V/ft. 


Arc resistance is seldom an important factor in phase 
faults except at low system voltages. The arc does not 
elongate sufficiently for the phase spacings involved to de- 
crease the current flow materially. In addition, the arc re- 
sistance is at right angles to the reactance and, hence, may 
not greatly increase the total impedance. 


For ground faults, arc resistance may be an important fac- 
tor. Longer arcs can occur, as can relatively high tower 
footing resistances, which may appreciably limit the fault 
current. 


Arc resistance is discussed in more detail in Chapter 10. 


IV.B.4. Distortion of Phases during Faults 


The phasor diagrams in Figure 2-20 illustrate the effect of 
faults on the system voltages and currents. The diagrams 
shown are for effectively grounded systems. In all cases, 
the dotted or uncollapsed voltage triangle exists in the 
source (the generator) and the maximum collapse is at the 
fault location. The voltages in between will vary between 
these extremes, depending on the point of measurement. 


V. SYMMETRICAL COMPONENTS 


Relay application requires a knowledge of system condi- 
tions during faults, including the magnitude, direction, and 
distribution of fault currents, and often the voltages at the 
relay locations for various operating conditions. Among 
the operating conditions to be considered are maximum 
and minimum generation, selected lines out, line-end faults 
with the adjacent breaker open, and so forth. With this in- 
formation, the relay engineer can select the proper relays 
and settings to protect all parts of the power system ina 
minimum amount of time. Three-phase fault data are used 
for application and setting of phase relays and single phase- 
to-ground fault data for ground relays. 


Normal Balanced 
Conditions 


Note: 
At The Fault 
Vab = Vbe = Vea = 0 


Three Phase Fault 


At The Fault 
Vbc= Vpg=Vcg=9 


At The Fault Vpg = O 


Phase “b”-to-Phase-"c” Phase “b” to-Phase- 


“c"-to-Ground Fault 


Note: 
At The Fault Vag = O 


Phase “a”-to-Ground Fault 


Figure 2-20: Phasor Diagrams for The Various Types of Solid 
Faults Occurring on a Typical Power System as 
Shown in Figure 2-7. 


The method of symmetrical components is the foundation 
for obtaining and understanding fault data on three-phase 
power systems. Formulated by Dr. C. L. Fortescue in a 
classic AIEE paper in 1918, the symmetrical components 
method was given its first practical application to system 
fault analysis by C. F. Wagner and R. D. Evans in the late 
1920s and early 1930s. W. A. Lewis added valuable simpli- 
fication in 1933. 


Today, fault studies are commonly made with the digital 
computer and can be updated rapidly in response to sys- 
tems changes. The dc board, one of the relay tools for ob- 
taining fault data, is still used for small studies. Manual cal- 
culations are practical only for simple cases. 


A knowledge of symmetrical components is important 
both in making a study and in understanding the data ob- 
tained from the computer or dc board. It is also extremely 
valuable in analyzing faults and relay operations. A num- 
ber of protective relays are based on symmetrical compo- 
nents, so the method must be understood in order to ap- 
ply these relays successfully. 


In short, the method of symmetrical components is one of 
the relay engineer’s most powerful technical tools. While 
the method and mathematics are quite simple, the practical 
value lies in the ability to think and visualize in symmetri- 
cal components. This skill requires practice and experi- 
ence. 


V.A. Basic Concepts 


The method of symmetrical components consists of reduc- 
ing any unbalanced three-phase system of phasors into 
three balanced or symmetrical systems: the positive, nega- 
tive, and zero phase sequence components. This reduction 
can be performed in terms of current, voltage, impedance, 
and so on. 


The positive sequence components consist of three phasors 
equal in magnitude, 120° out of phase, with the same 
phase sequence or rotation as that of the source generators. 
Sequence will be assumed to be a, b, c (Figure 2-21a), but 
positive sequence will, of course, be a, c, bin an a, c, b 
power system. The negative sequence components are 
three phasors equal in magnitude, displaced 120° with a 
phase sequence opposite to the positive sequence (Figure 
2-21b). The zero phase sequence components consist of 
three phasors equal in magnitude and in phase, as shown in 
Figure 2-21c. 


Ver 
V7 
Vb2 Va2 po 
120° 120° Vbo 
Val Veo 
2° I joge 129° | 120° 
v7 
Vb1 c2 
a) Positive b) Negative c) Zero 


Figure 2-21: Sequence Components of Voitages. 
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In the following discussion, the subscript 1 will identify 
the positive sequence component, the subscript 2 the nega- 
tive sequence component, and the subscript 0 the zero se- 
quence component. For example, Val is the positive se- 
quence component of phase-a voltage, Vu2 is the negative 
sequence component of phase-b voltage, and Vio is the 
zero Sequence component of phase-c voltage. All compo- 
nents are phasor quantities, rotating counterclock wise. 


Since the three phasors in any set are always equal in mag- 
nitude, the three sets can be expressed in terms of one 
phasor. For convenience, the phase-a phasor will be used. 
Thus, 


Positive Sequence Negative Sequence Zero Sequence 


VMs Va2= Var Vio = Yao 
Vor =2Val Vp2 =2Va2 Veo = Yao 
Vor =aVay Ven = aVa Veo = Vao 
(2-18) 
2 


The coefficients a and a“ are unit phasors which, when mul- 


tiplied with a phasor, result in a counterclockwise angular 
shift of 120° and 240°, respectively. 
Thus, 
a= 1/120° 
=-.5 +j .866 (2-19) 

a* = 1/240° 

=-.5 -j .866 
a° = 1/360° 

= 1/0° 


From these equations, useful combinations can be derived: 


(2-20) 


(2-21) 


lt+ata2=0 


1 -a? =/3/30° 


(2-22) 
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or wy 
21 


a =/210° 
(2-23) 
a- 1=/3/150° 
or 
1-a= 430° 
(2-24) 
a* -a =V/3/270° 
or 


a-a2 =/3/90° (2-25) 


Any three-phase system of phasors will always be the sum 
of the three components: 


V,= Vai + Van + Van (2-26) 
Vu = Voi + Yoo * Mp0 

=a°V.1 +aVi9 + Vag (2-27) 
V. = Vor by Vor - Vio 


i . 2, . . 
= aVa; +a°Va2* Vag (2-28) 


Since phase a has been chosen as a reference, the phase a 


2 


b, c subscripts may be dropped for convenience. Thus, 


Va=VitV2tVo 
and (2-29) 


=i, +L+1g 
V, =a-V, taV,+V 
b 1 2 0 
and (2-30) 
. = 2: . . 
I, =a I, tal, +15 
V.=aV +atv +V 
c 1 2 0 
and (2-31) 
. on . 2: . 
I,=al, ta It Io 


Quantities Vi V>, Vo I,, L, Ig; etc. can always be as- 
sumed to be the phase-a components. Note that the b and 
c components always exist, as indicated by Equation 
(2-18). 


Equations (2-29), (2-30), and (2-31) can be solved to yield 
the sequence components for a general set of three-phase 
phasors. 
V,=1/3(V, +aV +a2v ) 
1 a b c 
and (2-32) 
i, = 1/3 G, + ab, + 271.) 


V> = 1/3 (V, +a2V,, + aV,) 

and (2-33) 
i, = 1/3 G+ ai, +al,) 
Vp = 1/3 (V,+V, + V0) 

and (2-34) 
ip = 1/3 G, +1, +10 


A sequence component cannot exist in only one phase. If 


any sequence component exists by measurement or calcula- 


tion in one phase, it exists in all three phases, as shown in 
Equation (2-18) and Figure 2-21. 


V.B. Sequences in a Three-Phase Power System 


Assuming that the sequence component sets can exist in a 


three-phase power system, several important relations exist. 


Everywhere in the balanced or symmetrical part of the sys- 
tem, (1) positive sequence currents produce only positive 


sequence voltage drops, (2) negative sequence currents pro- 


duce only negative sequence voltage drops, and (3) zero se- 
quence currents produce only zero sequence voltage drops. 
A balanced or symmetrical power system is one in which 
the voltages generated by the rotating machinery are equal 
in phase and 120° displaced, and the impedances in the 
three phases are equal in magnitude. 


In any unbalanced or non-symmetrical part of the system, 
(1) positive sequence currents produce positive, negative, 
and possibly zero sequence voltage drops; (2) negative se- 
quence currents produce positive, negative, and possibly 


zero sequence voltage drops; and (3) zero sequence currents 
produce positive, negative, and zero sequence voltage drops. 


Since three-phase power systems are presumed to be bal- 
anced up to the point of a fault or unbalance, no interac- 
tion among the three sequence sets is considered up to that 
point. Each set can be treated separately. Some unbalance 
does exist in practice, usually as a result of the non- 
transposition of the busses and line conductors. Conse- 
quently, the impedances of the three phases are not the 
same, and some interaction will occur among the three 
phases. This effect is usually neglected since the error in- 
troduced is generally less than the error involved in deter- 
mining the system constants. 


V.C. Sequence Impedances 


Quantities Z)> Z5, and Zo are the system impedances to 
the flow of positive, negative, and zero sequence currents, 
respectively. Except in the area of a fault or general un- 
balance, each sequence impedance is considered to be the 
same in all three phases of the symmetrical system. A brief 
review of these quantities is given below for synchronous 
machinery, transformers, and transmission lines. 


V.C.1. Synchronous Machinery 


Three different reactance values are specified. In positive 
sequence, xX” indicates the subtransient reactance, X a 
the transient reactance, and Xq the synchronous reactance. 
These direct-axis values are necessary for calculating the 
short-circuit current value at different times after the short 
circuit occurs. Since the subtransient reactance values give 
the highest initial current value, they are generally used in 
system short-circuit calculations for relay application. The 
transient reactance value is used for stability consideration. 


The unsaturated synchronous reactance is used for sus- 
tained fault-current calculations since the voltage is re- 
duced below saturation during faults near the unit. Since 
generators are operated slightly saturated, the sustained 
fault current will be less than the maximum load current 
unless the voltage regulators boost the field during a sus- 
tained fault. 
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For system-fault calculations, the negative sequence reac- 
tance is generally assumed to equal the subtransient X a 
reactance. The flow of negative sequence current of oppo- 
site phase rotation through the machine appears as a dou- 
ble frequency component. Asa result, the average of the 
direct-axis subtransient reactance under the poles and be- 
tween the poles gives a good approximation of negative se- 
quence reactance. Hence, in a salient pole machine, X» is 
slightly different from Xa" but in a round rotor machine, 
X> equals Xa" 


The zero sequence reactance is less than the others, so that 
a machine is never grounded solidly. 


The armature winding resistance is small enough to be neg- 
lected in calculating short-circuit currents. This resistance 
is, however, important in determining the dc time constants 
of an asymmetrical short-circuit current. 


Typical reactance values for synchronous machinery are 
available from the manufacturer or from handbooks. 


V.C.2. Transformers 


The positive and negative sequence reactances of all trans- 
formers are identical. Values are available from the manu- 
facturer or from tables. The zero sequence reactance is 
either equal to the other two sequence reactances or infi- 
nite—except for three-phase, core-type transformers. In ef- 
fect, the magnetic circuit design of the latter units gives 
them the effect of additional closed delta winding. The re- 
sistance of the windings is very small and is neglected in 
short-circuit calculations. 


The sequence circuits for a number of transformer banks 
are shown in Figure 2-22. The impedances indicated are 
the equivalent leakage impedances between the windings 
involved. For two-winding transformers, the total leakage 
impedance ZuH is measured from the L winding, with the 
H winding short circuited. ZuL is measured from the H 
winding, with the L winding shorted. Except fora 1:1 
transformer ratio, the impedances have different values in 
ohms. On a per-unit basis, however, ZH equals ZHL The 
equivalent primary Zy and secondary Zy leakage imped- 
ances are one-half ZHL or Zon 
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Figure 2-22: Equivalent Positive, Negative and Zero Sequence Circuits for Some Common and Theoretical Connections for Two and Three 
Winding Transformers. 


For three-winding and autotransformer banks, there are 


three leakage impedances: 


Winding Shorted Open 
Impedance measured from winding winding 
Zina (Za) M(L) L(T) 
ZHL (Zyyy) L(T) M(L) 
ZML (Z, 7) M(L) L(T) H 


Both winding conventions shown above are in common use. 
In the first convention, the windings are labelled H (High), 
L (Low), M (Medium); in the second, H (High), L (Low), 
and T (Tertiary). Unfortunately, the L (Low) winding in 
the second convention is equivalent to M (Medium) in the 
first. The Tertiary winding voltage is the loweas. 


On a common kVA base, the equivalent star leakage imped- 
ances are obtained from the following equations: 


Zy = 1/2 (Zum + Zuy - ZML) 


or 
Zu = 1/2 (Zip + Zuy- Z; 7) 
ZM =1/2 (Zum + Zui ~ ZyL) 
or 
Zy = 1/2 (Zuy ea ZuT 
Zr = 1/2(Zyy + Zui - Zum? 
or 


Zep = 1/2 (Zyp + Zp - Zyy) (2-35) 


As a check, Zy plus ZM equals ZuM> and so on. 


The star is a mathematical equivalent, valid for current and 
voltage calculations external to the transformer bank. The 
star point has no physical significance. One equivalent 
branch, usually Zu (Zy), may be negative. On some recent 
autotransformers, however, Zu has been negative. 


V.C.3. Transmission Lines 


In transmission lines, the positive and negative sequence re- 
actances are the same. Asa rule of thumb, the 60-Hz reac- 
tance is 0.8 ohm/mi for single conductor overhead lines, 
and 0.6 ohm/mi for bundled overhead lines. 


The zero sequence impedance is always different from the 
positive and negative sequence impedances. It is a loop im- 
pedance (conductor plus earth and/or ground wire return), 
in contrast to the one-way impedance for positive and nega- 
tive sequence. Negative sequence impedance can vary from 
2 to 6 times xX) ;a rough average for overhead lines is 3 to 
3.5 xX). 


The resistance terms for the three sequences are usually 
neglected for overhead lines, except for lower voltage lines 
and cables. In the latter cases, line angles of 30° to 60° 
may exist, and resistance can be significant. A good com- 
promise is to use the impedance value rather than reactance 
and neglect the angular difference in fault calculations. 

This gives a lower current to assure that the relay will be set 
sensitively enough. 


Zero sequence mutual impedance resulting from paralleled 
lines can be in the order of 50 to 70 percent of the zero se- 
quence self-impedance. This mutual impedance is becom- 
ing an increasingly important factor as more lines are 
crowded into common rights-of-way. 


V.D. Sequence Networks 


With the system assumed to be balanced or symmetrical to 
the point of unbalance or fault, the three sequence compo- 
nents are independent and do not react with each other. 
Thus, three network diagrams are required to separate the 
three sequence components for individual consideration: 
one for positive, one for negative, and one for zero se- 
quence. These sequence network diagrams consist of one- 
phase-to-neutral of the power system, showing all the com- 
ponent parts relevant to the problem under consideration. 
Typical diagrams are illustrated in Figures 2-23, 2-24, and 
2-25. fet 
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Figure 2-23: The Positive Sequence Network for The Typical 
System Shown. 


X1GH*X2GH 


Generator XtR XOGH Xts Generator 
Xier Xics 
X26r X26s 
Xoor Xoes 


Negative Sequence Network 
Neutral or Zero Potential Bus, No 


Figure 2-24: The Negative Sequence Network for The Typical 
System Shown. 


System 


Transf en ee! Pies Generat 
Generator R ranstormer ¢ Line eae ae ‘Or 
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Figure 2-25: The Zero Sequence Network for The Typical System 
Shown. (Generators Shown Solidly Ground for 
Simplification.) 
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The positive sequence network (Figure 2-23) must show 
both the generator voltages and the impedances of the gen- 
erators, transformers, and lines. Balanced loads may be 
shown from any bus to the neutral bus. Generally, how- 


ever, balanced loads are neglected. Compared to the system 


low-impedance, high-angle quantities, they have a much 
higher impedance at a very low angle. In short, balanced 
loads complicate the calculations and generally do not af- 
fect the fault currents significantly. 


With two exceptions, the negative sequence network (Fig- 
ure 2-24) will be a duplicate of the positive sequence net- 
work: (1) there will be no generator voltages, since syn- 
chronous machines are operating to generate positive se- 
quence only, and (2) the negative sequence reactance of 
synchronous machinery may be different from the positive, 
as previously described. For all practical calculations, how- 
ever, Xy is assumed equal to X». 


The zero sequence network (Figure 2-25) is quite different 
from the other two. First of all, it has no voltage: rotating 
machinery does not produce zero sequence voltage. Also, 
the transformer connections require special consideration 
and grounding impedances must be included. Figure 2-22 
shows the zero sequence circuits for many transformers. 


A three-line system diagram is usually not required to deter- 
mine the zero sequence network (Figure 2-25) but if a ques- 
tion arises as to the flow of zero sequence currents, the 
three line diagram can be useful. From this three-phase sys- 
tem diagram, the zero sequence network requirements can 
be resolved by determining whether or not equal and in- 
phase currents can exist in each of the three phases. If the 
zero sequence current component can flow, the zero se- 
quence network must reflect its path. 


For simplicity, Figure 2-25 shows the generators solidly 
grounded. In practice, however, solid grounding is not 
used. 


V.E. Sequence Network Connections and Voltages 


The current flow direction and voltage connections illu- 
strated in Figure 2-26 must be followed for Equations 
(2-29), (2-30), and (2-31) to apply. Current flow in one or 
more of the networks may reverse for some types of un- 
balances—particularly if the networks are complex. Re- 
verse flow should be treated as a negative current to ensure 
that it will be properly subtracted when determining the 


phase currents. = 


In the positive sequence network, the voltage drop at any point 
in the network is: 


e e ee 
Vy = Van—- 21424 


ee 
Where >. 14Z 1 is the phasor sum of the 1421 drops from the 
neutral or zero potential bus (N71) to the point where the voltage 
is to be determined. 


Ny 


Wonk 4 Fens 


+ ViF - 
; \ lr ; 
+¥ 


pata 
A hs 


In the negative sequence network, the voltage drop at any point 
in the network is: 


e emUm©8 
V2 = 0- > loZQ 


ee 
Where >, 12Z2 is the phasor sum of the l922 drops from the 


neutral or zero potential bus (N32) to the point where the voltage 
is to be determined. 


In the zero sequence network, the voltage drop at any point 
in the network is: 


Vo = 0->> loZo 


ee 
Where > IgZg is the phasor sum of the IqZg drops from the 
zero potential bus (Ng) to the point where the voltage is to be 
determined 


Figure 2-26: Sequence Network Connections and Voltages. 


Each sequence network is, of course, a one-per-unit dia- 
gram representing one of the three phases of the symmetri- 
cal power system. Therefore, a resistor (reactor, imped- 
ance) connected between the system neutral and ground, 
as shown in Figure 2-26, must be multiplied by 3 as indi- 
cated. In the system, 31g flows through R; in the zero se- 
quence network, however, Ip flows through 3R, producing 
an equivalent voltage drop. 


V.F. Network Connections for Fault and General Unbal- 
ances 


The sequence networks can be interconnected in an area of 
unbalance, such as a fault. In such areas, the sequence qual- 
ities interact, as previously described. Sequence network 


connections for various types of common faults are shown 
in Figures 2-27 through 2-30. From the three-phase dia- 
grams of the fault area, the sequence network connections 
representing the faults can be derived. These diagrams do 
not show fault impedance and fault studies do not include 
this effect except in very rare cases. The single-sequence 
impedance Zi Z5, Zo (practically equivalent to X,, X», 
Xo) shown in the figures is the net impedance between the 
neutral bus and the selected fault location based on zero 
load. All generated voltages (V7) are equal and in phase. 


In The Fault | 
VantVbntVen20 
lortipeticg=0 


Figure 2-27: The Three Phase Fault and its Sequence Network 
Connections. 


ti} dd 


Tor } Ibe | Ice 


In The Fault: 
Vag =O 


Ipp=lo¢=O 


Figure 2-28: The Single Phase-to-Ground Fault and its Sequence 
Network Connections. 


Since the three-phase fault is symmetrical, symmetrical 
components are not required for this calculation. However, 
since the positive sequence network represents the system, 
the network can be connected as shown in Figure 2-27 to 
represent the fault. - 


For a phase-a-to-ground fault, the three networks are con- 
nected in series (Figure 2-28). Figure 2-29 illustrates a 
phase-b-c-to-ground fault and its sequence network inter- 
connection; the phase-b-to-phase-c fault and its sequence 
connections are shown in Figure 2-30. 


In The Fault, 
Vbg= Veg=9 
Igr20 


Figure 2-29: The Double Phase-to-Ground Fault and its Sequence 
Network Connections. 


lar | IpF | Ter 


InThe Fault : 


Vopn=Ven 
Igr=O 


IpF=-Icr 


Figure 2-30: The Phase-to-Phase Fault and its Sequence 
Connections. 


Fault studies normally only include three-phase faults and 
single-phase-to-ground faults. Three-phase faults are the 
most severe phase faults, while the single-phase-to-ground 
faults are the most common faults. Studies of the latter 
faults provide useful information for ground relaying. 


A fundamental study of both series and shunt unbalances 
was made by E. L. Harder in 1937. The shunt unbalances 
summarized in Figure 2-31 are taken from Harder’s study. 
Note that all the faults shown in Figures 2-27 through 2-30 
are also represented in Figure 2-31. 


Note: 


a) Balanced load or three-line-to-ground fault with impedances 
b) A three-line-to-ground fault 

c) A three-phase fault. 

d} A shunt circuit open. 

e) A line-to-ground fault through an impedance. 

f) A line-to-ground fault. 


g) A line-to-line fault through impedance 

h) A line-to-line fault 

i) A two-line-to-ground fault with impedance 

}) A two-line-to-ground fault 

k) A three-line-to-ground fault with impedance in phase a 

1) Unbalanced load or three-line-to-ground fault with impedance. 


Figure 2-31: Sequence Network Interconnections for Shunt Balanced and Unbalanced Conditions. 


In Figure 2-31, the entire symmetrical power system up to 
a point, x, of the shunt connection is represented by a rec- 
tangular box. Inside the topmost box for each shunt con- 
dition is a four-line representation of the shunt to be con- 
nected to the system at point x. The three lower boxes for 
each shunt condition are the positive, negative, and zero se- 
quence representation of the shunt. 


The sequence connections for the series unbalances, such 
as open phases and unbalance series impedances, are shown 
in Figure 2-32. As before, these diagrams are taken from 
E. L. Harder’s study. Here again, the diagrams inside the 


topmost box for each series condition represent the area 
under study, from point x on the diagrams left to point y 
on the right. The power system represented by the box is 
open between x and y to insert the circuits shown inside 
the box. Points x and y can be any distance apart, as long 
as there is no tap or other system connection between 
them. The positive, negative, and zero sequence representa- 
tions of the top box are shown in the three boxes below it. 


The diagrams shown in Figures 2-31 and 2-32, particularly 
those of Figure 2-32, are useful both for visualizing and cal- 
culating the conditions for open phases and unbalances. 


Pp on Pp on 

X Onn xo oy 
N on N on 

X O—rrencmd y xo oy 
fe) on ° on 

X Or xo oy 
b) d) 

Note: 


a) Equal impedances in three phases. 
b) Normal conditions. i) 


c) Neutral open. )) 
d) Any three or four phases open k) 
e) Phases b and c open, impedances in phases a and neutral ) 
f) Phases b and c open. m) 
g) Phases a and neutral open, impedance in b and c n) 
h) Phases a and neutral open o) 
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Phase a open, impedances in b, c, and neutral. 
Phase a open. 

Impedance in phase a 

Equal impedances in b and c phases, and neutral. 
Equal impedances in b and c phases 

Equal impedances in b and c phases, neutral open. 
Impedances in phase a and neutral. 


Figure 2-32: Sequence Network Interconnections for Series Balanced and Unbalanced Conditions. 


Simultaneous faults require two sets of interconnections 
from either Figures 2-31 or 2-32—or both. As shown in 
Figure 2-33, ideal or perfect transformers can be used to 
isolate the two restrictions. Perfect transformers are 100 
percent efficient and have ratios of 1:1, 1:a, l:a2 
on, 


, and so 


It is sometimes necessary to use two transformers as shown 
in Figure 2-33 (f). In this case the first transformer, ratios 
1:¢-330° 1:¢530° and 1:1 represent the star-delta trans- 
former and the second transformer with ratios 1 a’, lisa, 
1:1 represents the b-to-neutral fault. These can be re- 
placed by an equivalent transformer with ratios 1 rei! 50° 
1:6/150° and 1:1. = 


Figure 2-33a, for example, represents an open phase-a con- 
ductor with a simultaneous fault to ground on the x side. 
The sequence networks are connected for the open con- 
ductor according to Figure 2-32j, with three 1:1 perfect 
transformers to provide the restrictions required by Figure 
2-31f. The manual calculations required, which involve the 
solution of simultaneous equations, are quite tedious. 


V.G. Sequence Network Reduction 
When manual calculations are performed, the complete 


system networks (Figures 2-23, 2-24, and 2-25) are reduced 
to the single impedance values of Figures 2-27 through 2-30. 
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Note: 


d) Phase a-to-ground fault at x and a b-phase-to-ground fault at y 


a) One phase open and a fault to ground 
b) Phase a open and a b-phase-to-ground fault 
c) Phase a open and c-phase-to-neutral fault 


Figure 2-33: Representations for Simultaneous Unbalances. 


To simplify this reduction, with negligible effect on the 
values, the following basic assumptions are made: 


@ All generated voltages are equal and in phase 


@ All resistance is neglected, or the reactance of machines 
and transformers is added directly with line impedances 


@ All shunt reactances are neglected, including loads, charg- 
ing, and magnetizing reactances 


@ All mutual reactances are neglected, exeept on parallel 
lines. 


e) A b-to-c fault at x. and b phase open z to y 
f) Phase a-to-neutral fault at x. phase b-to-neutral fault on other side of 
star-delta transformer bank at y. x is taken as the reference point 


Using these assumptions, the positive sequence network can 
be drawn with a single-source voltage, Vin , connected to 
the generator impedances by a bus. 


If voltages are different, the Thevenin theorem and super- 
position must be used to reduce the network and calculate 
faults. Note that, for the series unbalances of Figure 2-32, 
a difference in voltage—either magnitude, phase angle, or 
both—is required for current to flow. No current can exist 
if the voltages across an open phase are equal and in phase. 


The single-sequence impedances, Z, ; Z>, and Zo: of Fig- 
ures 2-27 through 2-30, will be different for each fault lo- 


cation. Each fault location therefore requires a different 
network reduction. During the network reduction, the 
distribution of currents in the various branches should be 
calculated, both as a check and to determine the current 
flow through the relays involved in a fault. These distribu- 
tion factors are calculated with the assumption that 1 per- 
unit current flows in these single-sequence impedances. 


Network reduction calculations are illustrated in Figures 
2-34, 2-35, and 2-36. In these figures, Xy> X», and Xo are 
the impedances between the neutral bus and fault for a 


fault at bus G; 1, R? Lip np: lbp Tor? lot are the per- 
unit distribution factors. I,, L, & Ip are all assumed equal 
to 1.0 percent 


Where: 


Xin =Xiert Xtr 
Xie = Xiest Xts +Xieu 


Ae Xa SS) ee et IR 
RY XIX 1 XiLtXir 
ae Xir 

LY Xe t+ Xie Fy 


Figure 2-34: Network Reduction of The Positive Sequence 
Network for a Fault at Bus “G” in Figure 2-23. 


Where. N 
No 2 
ie Xa = Xeer+Xtr ie 
| Xar = Xacs t Xts +Xigy | 


Ib.* fea 

2L” Xau t+ Xar - 
ae Xa 

eR” Xat + Xer Fo 


tio 


Figure 2-35: Network Reduction of The Negative Sequence 
Network for a Fault at Bus “G” in Figure 2-24. 


No Where: No 
Xo. = Xocrt Xtr Io 
Xor = Xtst+Xo6n | 
Tou= ee ee — Xoz = *ou_Xor Xor 
Xor + Xor : 
Tope 
XoL + Xor Fo 


410 


Figure 2-36: Network Reduction for The Zero Sequence Network 
for a Fault at Bus “G” in Figure 2-25. 


When using the dc or ac network analyzer, or calculating 
board, the positive and zero sequence networks are set up 
with physical circuits scaled to the real system values. Each 
branch current can be measured, as well as the total cur- 
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rent and the voltages at each bus or node. The phase cur- 
rents are read directly for three-phase faults, which involve 
only the positive sequence network (Figure 2-27). For 
single-phase-to-ground faults, 31g is required for relays. 
Since xX, equals X> and from the single-phase-to-ground 
fault in Figure 2-28, 


3V 1.5V 
31g Se aD (2-36) 
2Z + Zo Zj Pag 
2 


In other words, the zero sequence network is set at 1/2 
value and the driving voltage is multiplied by 1.5. 


When using the computer for sequence network reduction, 
the impedance data are input for the positive and zero se- 
quence networks, along with bus and fault node points. 

The network is then solved for three-phase and single-phase- 
to-ground faults. Tabulated printed data are provided for 
phase-a fault current and three-phase fault voltages, along 
with corresponding 31; 3Vo values for the phase-to-ground 
fault. For modern ground relaying, I, and V> values should 
also be obtained. 


These voltage and current values are needed not only for 
faults near the relay, but for faults several busses or lines 
removed. Among the operating conditions normally con- 
sidered are maximum and minimum generation, selected 
lines out-of-service, and line-end faults where the adjacent 
breaker is open. This information allows the correct relay 
types and settings to be selected in a minimum amount of 
time for the entire power system. 


The following steps must be performed for calculating 
fault currents and voltages: 


a. Obtain a complete single-line diagram for the entire sys- 
tem, including generators, transformers, and transmis- 
sion lines, along with the positive negative and zero se- 
quence impedances for each component. 


b. Prepare from the system diagram a single-line impedance 
diagram for the positive, negative, and zero sequence 
networks. 


c. Reduce the impedance values of all network branches 
to a common base. Values may be expressed as a per- 
centage on a common kVA base, or as ohms impedance 
on a common voltage base. 
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d. Obtain the equivalent single impedance of each sequence 
network, the current distribution factors, and the equiv- 
alent voltage for the positive phase sequence network. 
All quantities must be referred to the proper base. 


e. Interconnect the networks to represent the fault in- 
volved, and calculate the total fault current at the fault. 


f. Determine the current distribution and voltages as re- 
quired in the system. Total fault current is seldom of 
use as relays generally see a fraction of that current ex- 
cept for radial circuits. 


Note that only steps a and b are required for a calculation 
board analysis or computer study. 


V.H. Example of Fault Calculation on a Loop-Type Power 
System 


For the typical loop system shown in Figure 2-37, the gen- 
erator units at stations D, S, or E could each be combina- 
tions of several machines. Alternately, they could repre- 
sent the equivalent of a complex system up to the bus. All 
of the impedances have been reduced to a common base, as 
indicated in the diagram. The positive sequence network 
for this system is shown in Figure 2-38, the zero sequence 
network in Figure 2-39. The negative sequence network is 
equal to Figure 2-38, except that Von is not present. 


Station R 
Load 
gq abe 
£Y 6 
Station S Station D 
Y 4% Xo7y52 [LY DY 
vy ylO 
Xq=Xo= yI5 80Miles X1=Xg=y30 


X=X22y40 
X9=yl20 


Note: 


Reactance Values are in 
Percent on a 100,000 kVA, 
110 kV Base. 


A 
A 
x] =Xp=y20 (cen) Y 


Station E 


~~ 
Figure 2-37: Single Line Diagram for a Typical Loop Type Power 
System. 


I Van=1 puslOO%= jE = 63,500 Volts 
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— 2537 


Figure 2-38: The Positive Sequence Network for The System of 
Figure 2-37. 
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Bus D 


. — 0491 Fault 
Location 
\ 
F 
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Bus R — 1403 


BusS 


—> 0053 


Figure 2-39: The Zero Sequence Network for The System of 
Figure 2-37. 


To perform this sample calculation of a phase-to-ground 
fault on the bus at station D, the networks must be reduced 
to a single reactance value between the neutral bus and the 
fault point. Of the several delta loops, at least one must be 
converted to wye-equivalent in order to reduce the net- 
works. After choosing one loop, arbitrarily, the equivalent 
X, Y, Z branches for the equivalent wye are dotted in as 
shown in Figures 2-38 and 2-39. 


The X, Y, Z conversion from delta to wye-equivalent is a 
simple process: the X branch of the wye-equivalent is the 
product of the two delta reactances on either side, divided 
by the sum of the three delta impedances. The same rela- 
tion applies to the Y and Z branches. Thus, in Figures 2-38 
and 2-39, the networks are reduced as follows: 


Positive and Negative Zero Sequence 


Sequence Networks Network 
x, = a8 x, = 728 
62 75 
=j 10.84 =j 0.72 
y, = 28x10 Yq =o noe 
62 75 


=j 4.52 =} 4.80 

z,~ x10 ga 2% 60 
62 75 

= j 3.87 =j 7.20 


The networks are now reduced to the simpler forms shown 
in Figure 2-40a. Since the two lower branches of each net- 
work are in parallel, they can be reduced as follows: 


Positive and Negative Zero Sequence 


Sequence Networks Network 
4716 .5284 .2594 .7406 
44.52 x 49.87 56.8 x 162.2 
94.39 219.0 
=j 23.52 =j 42.07 


Positive/Negative Sequence Zero Sequence 


id 200 1 4 
—* 1403 


a) First Reduction 


F 
rw OTe \ 
] 


b) Second Reduction 


Z)=Zo= yl8.48 


t 


10 XF 


c) Single Impedance from The Neutral Bus to The Fault Point 


Figure 2-40: Network Reductions of Figure 2-38md Figure 2-39 
for a Phase-to-Ground Fault on Bus “D” of The 
Power System of Figure 2-37. 
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The reduction is shown in Figure 2-40b. The remaining 
branches are in parallel and can also be reduced: 


Positive and Negative Zero Sequence 


Sequence Networks Network 
X, =X, .8106 1894 
Xo = 42.79 x 10 
4621 5379 52.79 
= 34.36 x40 
74.36 =j8.11% 
=j 18.48% 


The fractions written above the equations are the distribu- 
tion factors for the parallel circuits. These factors are ex- 
pressed as the ratio of each term in the numerator and the 
denominator. Determining these factors provides a conven- 
ient check on the calculations, since the sum of the two 
fractions must be 1.0. 


Distribution factors can be determined by working back 
through the reduction. The factors should be written on 
the diagrams as shown in Figure 2-40a. 


The distribution factors for the lower parallel branches of 
Figure 2-40a are determined as follows: 


Positive Sequence Network 
44.52% branch: .5284 x .5379 = .2842 


49.87% branch: .4716 x .5379 = .2537 
.5379 (check) 


Zero Sequence Network 


162.2% branch: .2594 x .1894 = .0491 
56.8% branch: .7406 x .1895 = .1403 
.1894 (check) 


In turn, these distribution factors are added to the diagram, 
as shown in Figure 2-40a. 


The delta current distribution factors for Figures 2-38 and 
2-39 are obtained from the X, Y, Z equivalents. The con- 
version technique is straightforward: the voltage drop 
across two of the wye branches is equivalent to the drop 
across the delta branch. Calculating from Figure 2-40a, 
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Positive Sequence Network 


-5379 xj 10.84 + .2842 xj 4.52 _ 


- = .2541 
j28 
53 j 10.84 +. j 3. 
79 xj10 i 2537 Xj 3.87 _ 5938 
j24 
-.253 j3.87+. j 4. 
Ue ES 2842 xj 4.52 = 0301 
jlo 
Zero Sequence Network 
; i. : 
.1894 R/O2: .1403 x j 4.80 = 1350 
j6 
: we . 
.1894 aie .0491 x j 7.20 = 0544 
j9 
~-.0491 xj 7.20 +j .1403 xj 4.8 
EE SUE AUER UEEVE G58 


j 60 


Any two of the three calculations are sufficient; the third 
can be obtained by combining the currents. All distribu- 
tion factors should be documented as shown in Figures 
2-38 and 2-39. Note that the sum of the currents leaving 
the neutral bus must add to 1.0. Of course, the currents 
must also sum to zero at each junction. 


The three networks are connected in series for the phase- 
to-ground fault (Figure 2-28). For convenience in division, 
the sequence currents are converted to per-unit values. 


1, = I, =Ig 
x j 1.0 
j 1848 +j .1848 +j .0811 
_ 1.0 
.4507 
= 2.22 p.u. 


100 percent (1 p.u. base) current: 


es kVA Base 
8 V3 kV 


100,000 - 


3 x 110 


I 


= 524.86 Amp at 110 kV 
1, a 1, = I, 

= 2.22 x 524.88 

= 1164.55 Amp at 110 kV 


Thus, the sequence currents in this fault are 2.22 p.u., 
rather than the 1.0 assumed. 


The currents flowing in each branch of the networks can 
now be determined by multiplying the actual fault current 
by the distribution factor. These currents may be expressed 
in either per-unit or ampere values, as shown in Figure 2-41. 


1.0253 
(pee ltal 


(35.050) 
28 18 


5629 —> R* S629—> 
(295.45a) (295.45a) 


(64.55a) 


(%) S= Vy=y.8489(53,912v) R= V4=y.6913(43,903v) 
Vp=~ y.1511(9,596v) Vp=-)3087 ( 19,605v) 


E= V4=).8421(53,481v) D= Vj4=).5899 (37,464) 
Vp? ~ 4.1579 (10,028v) Vo=~.4101(26,045v) 


Values in per Unit (Values in Amperes or Volts at WOKV) 


a) Positive and Negative Sequence 


1.7986 
(943,99a)] $10 
12074 29954 bf 
(63.35a) (157.21a) 
35 * i 
*s § sie p* 
1089—> 1089—> 2 
(57.180) (57,180) x 
J60 yoe 
2.2188 pu 
onB—> 3n3—> (164.550) 
(6.17a) (163.380) 


(%) D= Vg=~y.1798(11,419V) 
E=Vo=-y.0490(3,112V) 
R= Vo=-y.0180(1,143V) 
S= Vp=~y.0109(692V) 


Values in per Unit 
( Values in Amperes or Volts at HOKV) 


b) Zero Sequence 
Figure 2-41: Sequence Current Distributions and Voltages in The 


Power System of Figure 2-37 for a Phase-to-Ground 
Fault at Bus “D’’. 


| 


Currents in the fault are calculated for each phase as follows: 


eal 31, 
= 31, 
= 31 


= 6.66 p.u. 
or 
= 3493.66 Amp at 110 kV (2-29) 


ae 
I, =a I, tal, + 1p 


=-I, +I 

=0 (2-30) 
ie 2 
¢ aly ta In + Ip 

=-I, +1 

=0 (2-31) 


From equation 2-29, 2-30, and 2-31, I,, 1p and I, can calcu- 
lated for each branch. These are recorded in Figure 2-42. 


Next, the sequence and phase voltages at each bus are de- 
termined as in Figure 2-26. It is convenient to calculate 
the voltages in per-unit values, since the impedances listed 
in Figure 2-37 are in percent, rather than ohms. 


In the following calculations, the values in parentheses are 
volts, converted from the per-unit values for the 110-kV 
system of Figure 2-37: 

Viine-to-neutral = 1.0 p.u. 


110,000 V 


V3 
= 63,508.53 V 


From Figure 2-41; first, the sequence and phase voltages are 
calculated at bus S: 


V, =j1.0-.6297 xj .24 
=j1.0-j.1511 


=j 8489 p.u. (53,912.39 V) 
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V = 0.6297 xj.24 
= -j 1511 p.u. (9596.14 V) 
Vo = 0 - .1207 xj .09 
=~j 0109 p.u. (692.24 V) 
V,=V,+V5+Vo 
= j .6869 p.u. (43,624.01 V) 
Vb = av; taV, + Vo 
= 8489 /- 30° + .1511 /+ 30° -j .0109 
= .7352 -j 4245 + .1309 +j .0756 -j .0109 
= 8661 -j .3598 
= 9379 /- 22.56° p.u. (59,564.65 V) 
V, =a, ta°Vy+Vq 
= 8489 /210° +.1511 /150° -j .0109 
= -— .7352 -j .4245 - .1309 +j .0756 -j .0109 
= - 8661 — .3598 


= 9379 /202.56° p.u. (59,564.65 V) 


Next, the sequence and phase voltages are calculated at bus 
D, the fault location: 


V, =J 1.0 - 1.0253 x j .40 

=j1.0-j.4101 

= j 5899 p.u. (37,463.68 V) 
V, =0- 1.0253 xj .40 

=-j 4101 p.u. (26,044.85 V) 
Vo = 0 1.7986 xj.1 


=~j .1798 p.u. (11,418.83 V) 
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Vj, = 5899 /-30° + .4101 /30° -j .1798 


5109 -j .2950 + .3552 +j .2051 ~j .1798 


8661 -j .2697 


i 


9071 /-17.30° p.u. (57,608.59 V) 


< 
It 


¢ = 5899 /210° + 4101 /150° -j .1798 


u 


~.5109 ~j .2950 - 3552 +j .2051 -j .1798 


u 


~.8661 -j .2697 


9071 /197.30° p.u. (57,608.59 V) 


To calculate the sequence and phase voltages at bus E, 
V, =j 1.0 ~ 5638 x j .28 
=j1.0-j.1579 
=j 8421 p.u. (53,480.53 V) 
V4 = 0 - 5638 xj .28 
=—-j .1579 p.u. (10,028.00 V) 
Vo = 0 -.1207 xj .09 - .1089 xj .35 
=-j .0109 -j .0381 
=-j .0490 p.u. (3111.92 V) 
V, =J 8421 -j 1579 -j .0490 
= j .6352 p.u. (40,340.62 V) 


V, = 8421 -30° + .1579 /+30° -j .0490 


-7293 - j .4211 + .1367 +j .0790 -j .0490 


.8660 -j 3911 


9502 /-24.30° p.u. (60,345.80 V) 


< 
i] 


8421 /210° + 1579 /150° - j .0490 


-_> 


=~,7293 —j .4211 -.1367 +j .0790 -j .4090 


= -.8660 -j .3911 


= .9502 /204.30° p.u. (60,345.80 V) 


Finally, the sequence and phase voltages are calculated at 
bus R: 


V, =j1.0 -.6297 xj .24 - 5629 xj .28 
=j1.0-j.1511-j .1576 
=j 1.0 -j .3087 
=j .6913 p.u. (43,903.45 V) 
V4 =0- .6297 xj .24- 5629 xj .28 
= -j .3087 p.u. (19,605.00 V) 
Vg =0-.2995 xj .06 
= -j .0180 p.u. (1143.15 V) 


V, =j 6913 -j 3087 -j .0180 


j 3646 p.u. (23,155.21 V) 


Vj, = -6913 /-30° + 3087 /30° - j .0180 
= 5987 -j 3457 +.2673 +j .1544 -j .0180 
= 8660 -j .2093 
= 8909 /13.59° p.u. (56,579.75 V) 

V.. = .6913 /210° + .3087 /150° -j .0180 


~.5987 —j .3457 - .2673 +j .1544 -j .0180 


-.8660 -j .2093 


8909 /193.59° p.u. (56,579.75 V) 


The sequence voltages calculated above, as shown in Fig- 
ure 2-41, complete the analysis of the single-phase-to- 
ground fault at bus D in the system of Figure 2-37. All the 
distributed current and voltage values for the system are 
displayed in Figure 2-42. 
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Vg= 23,155] 0° 
Vp? 56,580[-13.59° 
Ve=56,580 193.59? 
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Generator 
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_ 
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Va? 40,341 [0° 


—> 
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—> 
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Note: 
Fault Values are in Amperes and Volts at 110 KV. 
Since X1 = Xg 
Ig=h +1o+Ig= 21, + Ig 
= a2ly + ala tlg =-ly + Ig 
= aly t+ azlo +t lg =-ly +19 


V.I. Phase Shifts through Transformer Banks 


In the fault calculations for the system shown in Figure 
2-37, the phase shifts through the wye-delta transformer 
banks were not considered. In this example, only a 110-kV 
system fault, with its currents and voltages, was involved. 
The effect of the phase shift through the transformer banks 
could not, however, have been neglected if currents and 
voltages were required for the opposite side of the power 
transformers. 


Theoretically, the positive and negative sequence imped- 
ance and the equivalent circuits for power transformers are 
the same for all connections of the banks. Actually, how- 
ever, these quantities are shifted when they pass through a 
wye-delta- or delta-wye-connected bank. The nature of 
this phase shift is described below. 


If the transformer bank is wye-connected on the high volt- 
age side, as shown in Figure 2-43, tfte general equations for 
one phase are: 


tl — t]-295.91 
~295.91 t 591.82 
Station E 
Generator 


Turns Ratio = 7 


N 


Voltage Ratio= T 
Low Side KVg 


n= 
VS 3KVp 


FQ x 
KV, 
nenangl c< fee Nae 
n 
c b B N=./3n 


High Side 


Figure 2-43: Connections and Phasors for an ANSI Standard 
Power Transformer Bank With The WYE Connection 
on The High Side (Van Leads Van by 30°). 


T, =n (1, =I.) (2-37) 


V, =2(Vq- Vp) (2-38) 


All quantities are line-to-neutral values, with the lower- 
case subscripts representing high-side quantities and the 
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capital letter subscripts low-side quantities. In the balanced V2 =n (Vay - Vp2) 
or symmetrical transformer bank, the sequences are inde- 
pendent. Consequently, positive sequence only is first ap- =n (Va - aV 44) 
plied to Equations (2-37) and (2-38): 
=n a = a) Var 
I,, =n(1,,-1L,,) 
1 1 1 = ~30° 
A ale nV3 V 4» 2-30 
=n(I,, -al,,) 
al “al = NV,» £30° (2-45) 
=n (1l-a) la ; 
a ro) 
Van = —/30 
= oO A2 N 
=nV31,; £30 
=NI,; /_30° (2-39) If a power transformer bank is connected delta on the high 
a voltage side, as shown in Figure 2-44, the general equations 
for one phase are: 
ene 
11 acs 30 (2-40) 1 
I, on (1, - Ip) (2-47) 
Var OO ai XB) ae 
aan (V, - v2) (2-48) 


7 2 
=n(Vqj-a°Vay) 


=n(1-a*) Vay 
=nV3 V4; 230° 
~NVal ee (2-41) ; Turns Ratio= } 
High Side sia Ratio= 5, 
Vay =a /-30° (2-42) Low Side A 


a i e 
KV, 
Nevtraiaf > dex tei KVa 
c C Y 


B ~KVy 


Next, only negative sequence quantities are applied to 
A . Figure 2-44: Connections and Phasors for an ANSI Standard 
Equations (2-37) and (2-38): Power Transformer Bank With The DELTA 
Connection on The High Side (Van Leads Van by 
30°). 


Taz =n U9 - beg) 


=n(I 7 a“I 9) Apply only positive sequence quantities to Equations 
. i (2-47) and (2-48): 
3 2 
=n(1-a%) oe) 
I, =-—(,4,-Ip)) 
1 Al” ‘Bl 
= nVJ3 I> 30° “an 
f 
_! 2 
= NI,» 230° (2-43) =~ (a1 ~a“lay) 
1 
I =-(1-a2)1 
ly = 30° (2-44) Saag 


N 


faa ie) 
Var N ey ee 


Then, applying only negative sequence quantities to Equa- 


tions (2-47) and (2-48): 
Ly,= : 1 I 
a2 7 “a2 ~ Ipod) 
a (U,5 -al,5) 
n A2 A2 


1 
=— (l-a)I 
|, =a Ta2 


_V3lq2 


n 


/-30° 


(2-49) 


(2-50) 


(2-51) 


(2-52) 


(2-53) 


(2-54) 
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_! 2 
=u Sid Va2 


7 VPM F 0p 


n 
Vv 
a2 oO 
=——= /30 2-55 
N (2-55) 
= ie) 
V2 7 NV ay /-30 (2-56) 


If the bank is connected according to the ANSI Standards, 
the formulas are the same and are not dependent on 
whether the wye or the delta is on the high side. In either 
case, the positive sequence quantities are shifted 30° in one 
direction, while the negative sequence quantities are 
shifted 30° in the opposite direction. These relations are 
summarized in Table 2-II. Zero sequence quantities are not 
affected by phase shift. These either pass directly through 
the bank or, more commonly, are blocked by the connec- 
tions. Thus, in a wye-delta bank, zero sequence current and 
voltage on one side cannot pass through the bank to the 
other side. 


Table 2-II 


Phase Shift Relations for Power Transformer Banks 


High Side in Terms 


Low Side in Terms 


of Low Side* of High Side* 
I ='AL /o0 1,,=NI 30° 
al Al *‘*al 2 
V.,=NV 30° _al 0 
al 1 230°. Vie /-30° 
142 re) fe) 
La ag -30 1,7 = NIq7 £30 
= fe) Vv = iD 30° 
V2 =NVq /-30 Aa> a 


*The lower-case subscripts are high-side quantities, and the capital 
letter subscripts low-side quantities. 


V.J. Fault Evaluations 
The sample calculation of a phase-to-ground fault on a loop 


system (Section V.H) was made at no load; that is, before 
the fault all currents throughout the system were zero. 
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With a ground fault, current exists not only in the faulted 
phase a but also in the unfaulted b and c phases. The rea- 
son is apparent, since I, equals I which equals 1, plus Ip; 
when xX) equals X,. The positive and zero sequence dis- 
tribution factors on any loop system will be different. Con- 
sequently, the positive, negative, and zero sequence currents 
will not add up to zero in the unfaulted phases. On a radial 
system (one with a source at one end only for both the 
positive and zero sequence), the three network distribution 
factors will all be equal to one. For a phase-a-to-ground 
fault on these circuits, I, equals I which equals 0. 


In practice, only 31g and related 3Vo; V>; I, values would 
be recorded for a phase-to-ground fault. The phase cur- 
rents and voltages shown in Figures 2-42 were recorded 
for academic purposes. 


The reason for recording 31; rather than the faulted phase 
current, can be seen from Figure 2-42. In most circuits, 
there is a significant difference between the 1B and 31g cur- 
rents in any loop network. Ina radial system, however, I 
is equal to 31g--and ground relays operate on 319: 


a 


On phase-to-ground faults, the phase relays will receive cur- 
rent and start to operate. Coordination between ground 
and phase relays is usually not necessary. The principal 
reason there are so few coordination problems is that phase 
relays must be set above load (5 Amp secondary), while 
ground relays are conventionally set at 0.5 to 1.0 Amp sec- 
ondary. Since the ground relays are more sensitive, they 
will generally not miscoordinate with the phase relays. If 
higher ground settings are used, the potential for miscoor- 
dination may be increased. 


Under any fault condition, the total current flowing into 
the ground must equal the total current flowing up the 
neutrals. With an autotransformer, however, current can 
flow down the neutral. In this case, the fault current plus 
the autotransformer neutral current equals the current up 
the other transformer neutrhls. 


The convention that current flows up the neutral and down 
into the earth at the fault has given rise to the idea that the 
grounded-wye-delta transformer bank is a ground source—a 
source of zero sequence current. This long-established idea, 
is not, in fact, correct. The fault is the true source. It isa 
converter of positive sequence into negative sequence and, 
for ground faults, into zero sequence current. 


This is illustrated by a voltage plot for various faults on a 
simple system (Figure 2-45). For simplicity, assume Zy 
equals Z4 equals Zo: During faults, the voltage inside the 
generators does not change unless the fault persists long 
enough for the regulators to increase the field. No voltage 
change should occur in high or medium speed relaying. 


Vi(LL) Val 
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Figure 2-45: Voltage Gradient for Various Types of Faults. 


For a solid three-phase fault, the voltage at the fault is zero. 
Therefore, high positive sequence phase currents flow to 
produce the gradient shown in the upper plot of Figure 
2-45. For a phase-to-phase fault, positive sequence current 
from the generators is converted at the fault into negative 
sequence, which in turn flows through the system. Double- 
phase-to-ground faults behave similarly. The same general 
conditions also apply to phase-to-ground faults except that, 
since Vs is zero, V> and Vo are negative. 


In summary, the positive sequence voltage is always highest 
at the generators or sources and lowest at the fault. In con- 
trast, negative and zero sequence voltage is always highest 
at the fault and lowest the “‘sources.” 


The phasor diagrams of Figure 2-20 illustrate the same 
phenomona, from a different viewpoint. In a three-phase 
fault, the voltages collapse symmetrically, except inside the 
generator. The three currents have a large symmetrical in- 


crease and lagging shift of angle. 


ar 


Other phase faults shown in Figure 2-20 are characterized 
by the relative collapse of two of the phase-to-neutral volt- 
ages, compared to the relatively normal third phase-to- 
neutral voltage. Two of the phase currents have a large lag- 
ging increase. 


For a single-phase-to-ground fault, on the other hand, one 
phase-to-neutral voltage is collapsed relative to the other 
two phases. Similarly, one phase current has a large lagging 
increase relative to the other two. 


With wye-delta transformers between the fault and the 
measurement point, the positive sequence quantities shift 
30° in one direction, and the negative sequence quantities 
shift 30° in the opposite direction. As a result, a phase-to- 
ground fault on one side of a bank has the appearance of a 
phase-to-phase fault on the other side—and vice versa. 
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Currents Currents Currents 
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Figure 2-46: Sequence Currents for Various Faults. 
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Figures 2-46 and 2-47 offer a final look at sequence currents 
and voltages for faults. Note that the positive sequence cur- 
rents and voltages, shown in the left-hand columns of the 
two figures, have approximately the same phase relations 
for all types of faults. This column represents the condi- 
tions in the generator. At the fault are various non- 
symmetrical currents and voltages, as shown in the far right- 
hand column. The negative and, sometimes, the zero se- 
quence quantities provide the transition between the sym- 
metrical left-hand column and the non-symmetrical right- 
hand column. These quantities rotate and change to pro- 
duce the non-symmetrical, or unbalanced, quantity when 
added to the positive sequence. 


These phasors can be constructed easily by remembering 
which fault quantity should be minimum or maximum. In 
a phase c-a fault, for example, phase-b current will be small. 
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Figure 2-47: Sequence Voltages for Various Faults. 
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Thus, Iy2 will tend to be opposite Ib Since phase-b volt- 
age will be relatively uncollapsed, Vol and V2 will tend to 
be in phase. After one sequence phasor is established, the 
others can be derived from Equation (2-18) and Figure 
2-21. 


VI. SYMMETRICAL COMPONENTS AND RELAYING 


Since ground relays operate from zero sequence quantities, 
all ground relay types use symmetrical components. A 
number of other protective relays use combinations of the 
sequence quantities, as summarized in Table 2-III. 


A zero sequence (31g) current filter is obtained by connect- 
ing three current transformers in parallel. A zero sequence 
(3V) voltage filter is provided by the wye-grounded- 
broken-delta connection for a potential transformer or an 
auxiliary. Positive and negative sequence current and volt- 
age filters are described in Chapter 3. 


Table 2-III 
Protective Relays Using Symmetrical Component Quantities for their Operation 
Device Basic Relay Sequence* 


No. Application Types 


Quantities Used 


$0,51 | Ground overcurrent CO, SI, SIT, SC, KC 
59 Ground voltage CV, SV 


67 Ground directional | CRC, CRP, CRD, CRQ 


overcurrent IRC, IRP, IRD, IRQ ee 
KRC, KRP, KRD, KRQ 
SRGU, SRQU 
Ground product CWC, CWP, CWP-1 
overcurrent 
Ground distance KDXG 
SDG 
Phase and ground HCB 


pilot 
HCB-1, SKB, SKBU 


Phase unbalance CVQ 

Phase balance COQ 
POQ 

Blown-fuse Basic unit 


detection 


*Zero sequence may be either Ip or 31g, Vor or 3V9 


**Last letter: C is current polarized 
P is potential polarized 
D is dual (current and voltage) polarized 
Q is negative sequence directional 
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Chapter 3 


Basic Relay Units 


Authors: J, V. Kresser and J. L. Blackburn 


I. Introduction 
{f. Electromechanical Units 


A. Magnetic Attraction Units 
1, Plunger Units 
2. Clapper Units 
3. Polar Units 

B. Magnetic Induction Units 
1. Induction-Dise Units 
2. Cylinder Units 

C. D’Arsonval Units 

D. Thermal Units 


III]. Sequence Networks 


A. Zero Sequence Networks 
B. Composite Sequence Current Networks 
C. Sequence Voltage Networks 


IV. Solid-State Units 


A. Semiconductor Components 
. Diode 
Zener Diode 
Four-Layer Diode 
. Tunnel Diode 
Varistors, Thermistors, Sensitors 
. Transistor 
Thyristor 
. Uni-junction Transistor 
B. Solid-State Logic Units 
1. Basic Principles 
2. Logic Unit Representation 
C. Principal Logic Units 
AND Unit 
OR Unit 
NOT Unit 
N Unit 
. NOR Unit 
NAND Unit 
. Time-Delay Units 
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V. Basic Logic Circuits 


A. Fault-Sensing and Data Processing Units 
1. Magnitude Comparison 
a. Fixed Reference 
b. Variable Reference 
2. Phase Angle Comparison 
a. Block-Block 
b. Coincident Time (Ring Modulator) 
B. Amplification Units 
1. Breaker Trip Coil Initiator 
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I. INTRODUCTION 


Protective relays for power systems are made up of one or 
move fault-detecting or decision units, along with any nec- 
essary logic networks and auxiliary units. Because a num- 
ber of these fault-detecting or decision units are used in a 
variety of relays, they are called basic units. Basic units fall 
into three categories: electromechanical units, sequence 
networks, and solid-state units. 


Ii. ELECTROMECHANICAL UNITS 


Four types of electromechanical units are widely used: 
magnetic attraction, magnetic induction, D’Arsonval, and 
thermal units. 


II.A. Magnetic Attraction Units 


Three types of magnetic attraction units are in common use: 
plunger (solenoid); clapper; and polar. The plunger unit, 
shown in Figure 3-1, is typically used in SC, SV, and ITH 
relays; the clapper-type unit (Figure 3-2) in SG, AR, ICS, 
IIT, and MG relays; and the polar-type unit (Figure 3-3) in 
HCB, HU, and PM relays. 


II.A.1. Plunger Units 


Plunger units have cylindrical coils with an external mag- 
netic structure and a center plunger. When the current or 


C. Auxiliary Units 

Annunciator Circuits 

Coordinating and Loop Logic Timers 
Toggle or Latching Circuits 

Isolator and Buffer Circuits 

a. Input Isolator 

b. Output Isolator 

c. Input Buffer 

d. Output Buffer 

5. Power Supply and Regulator Circuits 


PLO 


VI. Integrated Circuits 


A. Operational Amplifier 
B. Basic Operational Amplifier Units 
1. Inverting Amplifiers 
Non-inverting Amplifiers 
Adders 
Subtractors 
Integrator and Simple Low Pass Filters 
Differentiator and Simple High Pass Filters 
Phase Shift Units 
Level Detectors 
Active Filters 
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voltage applied to the coil exceeds the pickup value, the 
plunger moves upward to operate a set of contacts. The 
force, F, required to move the plunger is proportional to 
the square of the current in the coil. 


The plunger unit’s operating characteristics are largely de- 
termined by the plunger shape, the internal core, the mag- 
netic structure, the coil design, and the magnetic shunts. 


Plunger units are instantaneous in that no delay is purposely 
introduced. Typical operating times are 5 to 50 ms, with 
the longer times occurring near the threshold values of 
pickup. 


The unit shown in Figure 3-1la is used as a high drop-out in- 
stantaneous overcurrent unit. The steel plunger floats in an 
air gap provided by a non-magnetic ring in the center of the 
magnetic core. When the coil is energized, the plunger as- 
sembly moves upward, carrying a silver disc which bridges 
three stationary contacts (only two are shown). A helical 
spring absorbs the ac plunger vibrations, producing good 
contact action. The air gap provides a ratio of drop-out to 
pickup of 90 percent or greater over a two-to-one pickup 
range. The pickup range can be varied from a two-to-one 
to a four-to-one range by the adjusting core screw. When 
the pickup range is increased to four-to-one, the drop-out 
ratio will decrease to approximately 45 percent. 


Older relays are equipped with similar units: an instanta- 
neous trip attachment for de operation and a contactor 
switch for de operation. No longer manufactured, these 
units do not have an internal air gap and, consequently, 
have a low drop-out ratio. 


The more complex plunger unit shown in Figure 3-1b is 
used as an instantaneous over- or undercurrent or voltage 
unit. An adjustable flux shunt permits more precise settings 
over the nominal four-to-one pickup range. This unit is 
relatively independent of frequency, operating on dc, 25- 
or 60-Hz nominal frequency. It is available in high and low 


drop-out versions. 


11.A.2. Clapper Units 


Clapper units have a U-shaped magnetic frame with a mov- 
able armature across the open end. The armature is hinged 
at one side and spring-restrained at the other. When the as- 
sociated electrical coil is energized, the armature moves 
towards the magnetic core, opening or closing a set of con- 
tacts with a torque proportional to the square of the coil 
current. The pickup and drop-out values of clapper units 
are less accurate than those of plunger units. Clapper units 
are primarily applied as auxiliary or go/no-go units. 


Four clapper units are shown in Figure 3-2. Those shown 
in Figures 3-2a and 3-2b have the same general design, but 
the first is for dc service and the second for ac operation. 
In both units, upward movement of the armature releases a 
target, which drops to provide a visual indication of opera- 
tion. (The target must be reset manually.) The de ICS unit 
(Figure 3-2a) is commonly used to provide a seal-in around 
the main protective relay contacts. The ac IIT unit (Figure 
3-2b) operates as an instantaneous overcurrent or instanta- 
neous trip unit. Its adjustable core provides pickup adjust- 
ment over a nominal four-to-one range. 


The SG-MG clapper units (Figure 3-2c) provide a wide range 


of contact multiplier auxiliaries: the SG has provisions for 


(a) 


Figure 3-1: Plunger Type Units. 
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four contacts (two make and two break), and the MG will 
accept six. The AR clapper unit (Figure 3-2d) operates in 
2 to 4 ms, with four contacts suitable for breaker tripping. 


I1.A.3. Polar Units 


Polar units (Figure 3-3) operate from direct current applied 
to a coil wound around the hinged armature in the center of 
the magnetic structure. A permanent magnet across the 
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structure polarizes the armature-gap poles, as shown. Two 
non-magnetic spacers, located at the rear of the magnetic 
frame, are bridged by two adjustable magnetic shunts. This 
arrangement enables the magnet’: flux paths to be adjusted 
for pickup and contact action. With balanced air gaps (Fig- 
ure 3-3a), the flux paths are as shown and the armature will 
float in the center with the coil deenergized. With the gaps 
unbalanced (Figure 3-3b), some of the flux is shunted 
through the armature. The resulting polarization holds the 


armature against one pole with the coil deenergized. The 
coil is arranged so that its magnetic axis is in line with the 
armature, and at right angle to the permanent magnet axis. 
Current in the coil magnetizes the armature either north or 
south, increasing or decreasing any prior polarization of the 
armature. If, as shown in Figure 3-3b, the magnetic shunt 
adjustment normally makes the armature a north pole, it 
will move to the right. Direct current in the operating coil, 
which tends to make the contact end a south pole, will over- 
come this tendency and the contact will move to the left. 
Depending on design and adjustments, this polarizing action 
can be gradual or quick. The left gap adjustment (Figure 
3-3b) controls the pickup value; the right gap adjustment 


controls the reset current value. 
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Figure 3-3: Polar Type Unit. 


Some units use both an operating and a restraint coil. The 
polarity of the restraint coil tends to maintain the contacts 
in their initial position. A combination of normally open or 
normally closed contacts is available. These polar units op- 
erate on alternating current through a full-wave rectifier and 
provide very sensitive, high speed operation on very low en- 


ergy levels. 


The operating equation of the polar unit is 


a 


Kylgp 7 Kal = (3-1) 


r 

) 
where K, and Ky are adjusted by the magnetic shunts; K3 
is a design constant; ¢ is the permanent magnetic flux; lop 


is the operating current; and I. is the restraint current in 
milliamperes. 


II.B. Magnetic Induction Units 


There are two general types of magnetic induction units: 
induction disc and cylinder units. The induction disc unit 
(Figure 3-4) is typically used in CO, CV, CR, IRV, IRD, 
CW, CA, and CMrelays. The cylinder unit (Figure 3-6) is 
used in KD-line, KC, KDXG, KF, KRD, KRC, and KRP 
relays. 


I1.B.1. Induction-Disc Units 


Originally, induction-disc units were based on the watthour 
meter design. Modern units, however, while using the same 
operating principles are quite different. All operate by 
torque derived from the interaction of fluxes produced by 
an electromagnet with those from induced currents in the 
plane of a rotatable aluminum disc. The E unit, in Figure 
3-4a, has three poles on one side of the disc and a common 
magnetic member or keeper on the opposite side. The main 
coil is on the center leg. Current, I, in the main coil pro- 
duces flux, ¢, which passes through the air gap and disc to 
the keeper. (A small portion of the flux is shunted off 
through the side air gap.) The flux, ¢, returns as OL through 
the left-hand leg and as oR through the right-hand leg, 
where ¢ = OL # OR: A short-circuited lagging coil on the 
left leg causes oy to lag both OR and @, producing a split- 
phase motor action. (The phasors are shown in Figure 3-5.) 


Flux oy, induces voltage Vo and current I, flows, essentially 
in phase, in the shorted lag coil. Flux oy is the total flux 
produced by main coil current, I. The three fluxes cross 
the disc air gap and induce eddy currents in the disc. These 
eddy currents set up counter fluxes, and the interaction of 
the two sets of fluxes produces the torque which rotates the 
disc. With the same reference direction for the three fluxes 
as shown in Figure 3-5b, the flux shifts from left to right 
and rotates the disc clockwise. 


~—_—-— Disc 


{a) The “E” Unit 


Disc 


Lag Cot! 


Main Coil 


{b) The “OA” Unit 


Figure 3-4: Induction Disc Unit. 


The OA induction-disc unit shown in Figure 3-4b was used 
for many years. The operation of this unit is similar to that 
of the E unit described above. Current in the main coil, I, 
produces flux, @, which passes through the disc as or - Flux 


Figure 3-5: Phasors and Operations of The “E” Unit Induction Disc. 


oy divides between the two upper poles as shown. Current 
I, obtained by transformer action, passes through the two 
upper poles and produces flux oy: This flux, dy flows 
down the right upper pole through the disc and up the left 
upper pole. There is time and space quadrature between 
these two fluxes. The interaction of by and oy with the 
fluxes from the eddy currents induced in the disc produces 
clockwise motion. 


There are many alternate versions of the induction-disc unit. 
The units shown in Figure 3-4, for example, have a single 
current or voltage input. The disc always moves in the same 
direction, regardless of the direction of the input. If the lag 
coil is open, no torque will exist. Other units can thus con- 
trol torque in the induction-disc unit. Most commonly, a 
directional unit is connected in the lag coil circuit. When 
the directional unit’s contact is closed, the induction-disc 
unit has torque; when the contact is open, the unit has no 
torque. 


Induction-disc units are used in power or directional appli- 
cations by substituting an additional input coil for the lag 
coil in the E unit, or for the upper poles in the OA unit. 
The phase relation between the two inputs determines the 
direction of the operating torque. 


A spiral spring on the disc shaft conducts current to the 
moving contact. This spring, together with the shape of the 
disc (an Archimedes spiral) and the design of the electro- 
magnet, provides a constant minimum operating current 
over the contacts’ travel range. A permanent magnet with 
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adjustable keeper (shunt) damps the disc, and magnetic 
plugs in the electromagnet control the degree of saturation. 
The spring tension, the damping magnet, and the magnetic 
plugs allow separate and relatively independent adjustment 
of the unit’s inverse time overcurrent characteristics. 


I1.B.2. Cylinder Units 


The operation of a cylinder unit is similar to that of an in- 
duction motor with salient poles for the stator windings. 
Shown in Figure 3-6, the basic unit used for relays has an 
inner steel core at the center of the square electromagnet, 
with a thin-walled aluminum cylinder rotating in the air gap. 
Cylinder travel is limited to a few degrees by the contact 
and stops; a spiral spring provides reset torque. 


Cylinder 


Inner Core 


ee 


Figure 3-6: Cylinder Unit. 


Operating torque is a function of the product of the two 
operating quantities and the cosine of the angle between 
them. The torque equation is 
T=KI,I, Cos (8497 o) - K, (3-2) 
where K and ¢ are design constants; I and I, the currents 
through the two coils; 945 the angle between I, and I; and 
K, the restraining spring torque. Different combinations of 


input quantities can be used for different applications, sys- 
tem voltages or currents, or network voltages. 


ILC. D’Arsonval Units 


In the D’Arsonval unit, shown in Figure 3-7, a magnetic 
structure and an inner permanent magnet form a two-pole 
cylindrical core. A moving coil loop in the air gap is ener- 
gized by direct current, which reacts with the air gap flux 
to create rotational torque. The D’Arsonval unit operates 
on very low energy input, such as that available from dc 
shunts, bridge networks, or rectified ac. The unit can also 
be used as a dc contact-making milliammeter. 


If.D. Thermal Units 


Thermal units consist of bimetallic strips or coils that have 
one end fixed and the other end free. As the temperature 
changes, the different coefficients of thermal expansion of 
the two metals cause the free end of the coil or strip to 

move, operating a contact structure for relay applications. 


Ill. SEQUENCE NETWORKS 


Static networks with three-phase current or voltage inputs 
can provide a single-phase output proportional! to positive, 
negative, or zero sequence quantities. These networks, also 
known as sequence filters, are widely used as fault sensors. 


Ill.A. Zero Sequence Networks 


In zero sequence networks, three current transformer sec- 
ondaries, connected in parallel, provide 31 from L; Ib> and 
I, inputs. Similarly, the secondaries of three-phase poten- 
tial transformers, connected in series with the primary in 
grounded wye, provide 3V, from Van, Vow and Von inputs. 
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Figure 3-7: D’Arsonval Type Unit. 


IiI.B. Composite Sequenc Current Networks 


The network shown in Figure 3-8 can be adapted for a vari- 
ety of single-phase outputs. Ve is obtained from input cur- 
rents L Ih: and I with neutral (31,) return. Using 
Thevenin’s Theorem, these three-phase networks can be 
reduced to a simple equivalent circuit, as shown in Figure 
3-8b. Vp is the open circuit voltage at the output, and Z 

is the impedance looking back into the three-phase net- 


work. Z, is the self-impedance of the three-winding reac- 
tor’s secondary with mutual impedance Xn: 


(a) Sequence Network 


Z=Zg+R,+Ro 


Ve To Operating Unit 


——— 


(b) Equivalent Circuit 


Figure 3-8: Composite Sequence Current Network. 


The open circuit voltage, Figure 3-8a, with switch r open 
and switch s closed, is: [The drops from Vp (+) to Vp (-).] 


Vp =ily- Iy)X pq +t 1,Ry + 315K, (3-3) 


From the basic Symmetrical Component equations, (equa- 
tion 2-30 and 2-31 in Chapter 2). 


a Fa =jV31, - iV31, (3-4) 


Substituting this and the sequence equation (2-29) for I 
in equation (3-3): 


Ve=-v3X qh, +V3X1, +Ryl, +RyL,+ 
RyI, + 31gR, 
=(Ry- V3Xy)1, + (Ry +V3X_ 5 + 
(Ry + 3R,)I, (3-5) 
Varying Xp R) ; Ro> and the connections produces differ- 
ent output characteristics. In some applications, the cur- 
rents Ip and I, are interchanged, changing Equation (3-5) to 
Vp = (Ry + V3X,,)I, + (Ry - V3X, JI, + 


(R, +3R)I, (3-6) 


Table 3-1* 


Typical Sequence Network Combinations 


Switch Switch 
Network Type r s 


Positive Sequence 


Ry/V3 


Negative Sequence closed open 


Ry WV3 
RyWV3 


HCB Composite open closed 


HCB-1 and SKB 
Composites* 


closed 


*Data for Tap C of three taps available. 


With switch r closed and switch s open, the zero sequence 
response of Equations (3-5) and (3-6) is eliminated. The 
zero sequence drop across R, is 2/3RyL,5 = 1/3R, (po + 
bad =0. The switches r and s are used in Figure 3-8 asa 
convenience. 


Several typical sequence network combinations are given in 
Table 3-1. 


HIL.C. Sequence Voltage Networks 


Sequence voltage networks provide a single-phase output 
proportional to either the positive or the negative sequence 
voltage of phase a. A network in common use is shown in 
Figure 3-9. Since this network is delta-connécted to the 
three-phase potential source (a, b, c), there is no response to 
zero sequence. 


The network is best explained through the phasor diagram, 
Figure 3-10. By design, the phase angle of Z + R lags by 
60°. For convenience, consider switches s to be closed and 
switches r open. Impedance Z + R is thus connected across 
voltage Vay and the auto transformer across voltage Voc 
With only positive sequence voltages (Figure 3-10a), the cur- 
rent 1,),1 through Z + R lags Vay, by 60°. The drop V, 44 
across R is in phase with this current, while the drop Voyl 
across the autotransformer to the tap is in phase with volt- 
age Voc across the entire transformer. The tap is chosen so 


1.46R, or 
.191 ohms 


Figure 3-8 
Notes 


VF reduces from: 
Equation to Equal 


interchange (3-6) 2R,1, 


I, and I, 


as shown (3-5) 2Ry1, 


interchange (3-6) 2R,1, + (Ry + 3R Ny 
ly and I, 
as shown (3-5) -0.21, + 46215 + 


(Ry +3R I, 


that IV sp1! = IVoy1 |. The filter output, Vay = Vp, is the 
phasor sum of these two voltages. 


Autotransformer 


Angle of Z+R=60° 
Angle of Z= 82° 


Vp=1.135 Vgi [-60° 
Vp 21.135 Vgp [60° 


Type Filler | Switches | Switches 
r s 


Closed 
Closed Open 


Positive Sequence Open 
Negative Sequence 


Figure 3-9: Sequence Voltage Network. 


With only negative sequence voltages applied (Figure 3-10b), 
Vxb2 is equal and opposite to Vpy2' that is, Vy = VE =0. 
Thus, this is a positive sequence network. 


A negative sequence network can be made by reversing the 
b and c leads or, in Figure 3-9, by opening s and closing r. 
Then Figure 3-10a conditions apply to negative sequence, 


giving an output Ve Figure 3-10b conditions apply to posi- 
tive sequence with Ve =0. 


This interchange of b and c leads in either the current or 
voltage networks offers a very convenient technique for 
checking the networks. For example, the negative sequence 
network should have no output on balanced power system 
load but, by interchanging the b and c leads, it should pro- 
duce full output on test. 
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Vbc2 
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(b) Negative Sequence 
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Figure 3-10: Phasor Diagrams for The Sequence Voltage Network 
of Figure 3-9 With “s” Closed and “r” Open. 


IV. SOLID-STATE UNITS 
1V.A. Semiconductor Components 


Solid-state relays use various low power components: di- 
odes, transistors, and thyristors, and associated resistors and 
capacitors. These components have been designed into logic 
units used in many relays. Before these logic units are de- 
scribed in detail, the semiconductor components and their 
characteristics will be reviewed (Figure 3-11). Relays use 
silicon-type components almost exclusively because of their 
stability over a wide temperature range. 


IV.A.1. Diode 


The diode (Figure 3-1 1a) is a two-terminal P-N junction. If 
a dc voltage is applied with positive on the P element and 
negative on the N element, the free electrons in the N ma- 
terial will flow across the junction, provided that the ap- 
plied voltage is greater than the minimum value or potential 
hill. For the common diodes, the potential hill is about 

0.7 V. As electrons pass the junctions, the holes, or absence 
of electrons, move by displacement to establish a current, 
Ip. Electrons removed from the N material are replenished 
by the dc source, 
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Figure 3-11: Semi Conductor Components and Their 
Characteristics. 


When the polarity of the dc source is reversed, the free elec- 
trons in the N material and the holes in the P material drift 
away from the junction. This depletion of carriers results in 
a very low current, and is the source of the characteristic di- 
ode blocking action. 


As the reverse voltage is increased, it reaches a critical 
point—the peak inverse voltage (PIV)—where the reverse cur- 
rent begins to increase significantly. Beyond this PIV, the 


current rises very rapidly, and the junction breaks down. 
For either sustained forward voltages or voltages greater 
than the PIV, external impedances must be used to limit the 
current to within the diode’s rated values. 


IV.A.2. Zener Diode 


The Zener diode (Figure 3-11b) differs from the diode de- 
scribed above in having a sharp and reproducible reverse 
breakdown voltage, called the Zener voltage. If the current 
is limited to within rated values, the junction recovers its 
non-conducting characteristics when the reverse voltage falls 
below the Zener value. For these reasons, Zener diodes are 
used for surge protection and in circuits subject to reverse 
polarity. 


Where surges or transients are oscillating, or for positive and 

. negative peaks, the back-to-back Zener (Figure 3-11c)--com- 
monly known as VoltTrap, Zener clipper, or Thyrector— 
provides effective surge suppression. The characteristics of 
these diodes are essentially the same in both the forward 
and reverse direction. 


IV.A.3. Four-Layer Diode 


The four-layer diode (Figure 3-11d) is used to obtain pulses 
froma dec current. As the characteristic shows, the forward 
current, I, is small until the voltage reaches a threshold, Vs, 
at which point the diode conducts. Subsequently, the di- 

ode continues to pass current with V considerably reduced. 


IV.A.4. Tunnel Diode 


The tunnel diode, Figure 3-1 le, passes current at low volt- 
ages, reaching a peak I, at Vo: At higher voltages, the cur- 
rent decreases toa minimum of ly at Vy then increases to 
1, again at Vop: 


IV.A.5. Varistors, Thermistors, Sensitors 

The characteristics of the varistor are shown in Figure 3-11f, 
and those of two temperature-sensitive resistors in Figures 
3-1 1g and 3-11h, respectively. 

IV.A.6. Transistor 

The transistor consists of three semiconductor materials, 


assembled with two junctions (Figure 3-12). The two types 
of transistors—NPN and PNP—have essentially the same elec- 


trical characteristics. The difference, of course, is that the 
polarity of the dc voltage and direction of current flow are 
opposite in the two types. 
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Figure 3-12: The Transistor and Equivalent Electrical Symbols. 


In relaying, the transistor is used primarily as a switch. For 
this function, it is shifted from a non-conducting to a con- 
ducting state or vice versa by the base current, I. The tran- 
sistor is non-conducting when Ib is zero or essentially zero. 
When Ih is increased to a positive value, the transistor con- 
ducts, and collector currents I, and I, flow. (Figures 3-12 
and 3-13.) The emitter current I, is the sum of I, and I, 
Very small values of Ip can control much larger values of [, 
and I, (Figure 3-13). 


IV.A.7. Thyristor 


The thyristor (Figure 3-14) isa diode with a third electrode— 
the gate. (The thyristor is also known as a silicon controlled 
rectifier (SCR) or trinistor.) With forward voltage applied, 
the thyristor will not conduct until gate current Ic is ap- 
plied to trigger conduction. The higher the gate current, the 
lower the anode-to-cathode voltage (Vp); required to start 
anode conduction. After conduction is established and the 
gate current removed, the anode current, Ip, continues to 


flow. The minimum anode current required to substain con- 
duction is called the holding current, Ty. 
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Figure 3-13: Typical Characteristic Curves of Transistor. 
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Figure 3-14: The Thyristor and Its Characteristics. 


IV.A.8. Uni-junction Transistor 


The final semiconductor component commonly encountered 
in relaying is the uni-junction transistor (Figure 3-15). This 
semiconductor has two bases, b, and by, and one emitter, e. 
When Ve reaches the peak value, Vo the device conducts 
and passes current, I,. Current will continue to flow as long 
as Ve does not fall below the minimum value, Vy. The uni- 
junction transistor is used for pulsing output circuits. 


Vp=7 Vbb 


Figure 3-15: The Uni-junction Transistor and Its Characteristics. 


IV.B. Solid-State Logic Units 
IV.B.1. Basic Principles 


Solid-state logic units are combinations of solid-state com- 
ponents designed to use dc voltage signals to perform logic 
functions. A logic unit has only two states: no output, rep- 
resented by 0 (zero); and output, represented by 1 (one). 
Two logic conventions are used to indicate the voltages as- 
sociated with the zero and one states. In normal logic, 0 is 
equivalent to zero voltage, and 1 is equivalent to normal 
voltage. In reverse logic, the corresponding voltage equiva- 
lents are reversed: 0 is equivalent to normal voltage and 1 is 
equivalent to zero voltage. 


In relaying, normal logic is used, and normal voltage is 20 V 
unless otherwise indicated. In addition, there are three dif- 
ferent logic conventions for the input/output polarities. In 
positive logic, inputs and outputs are positive; in negative 
logic, both inputs and outputs are negative. In mixed logic, 
inputs are either positive or negative; outputs are usually 
positive but could be negative. Relay systems normally use 
positive logic, although some elements may use negative sig- 
nal inputs or outputs. Transistors, for example, require neg- 
ative voltages on some electrodes. 


Logic units are shown diagrammatically in their quiescent 
state; that is, the normal or “at-rest” state. This quiescent 
state corresponds to the normally deenergized representa- 


. tion in electromechanical relay circuitry. 


IV.B.2. Logic-Unit Representation 


Logic units are represented by characteristic function sym- 
bols. Two sets of symbols are in common use: one is used 
primarily by the electronics industry and by the military 
electronics logic circuitry; the other is used primarily by the 
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power industry and in solid-state relay systems. In the 
commercial/military system, the type of function is indi- 
cated by the geometrical shape of the symbol. In solid-state 
relaying, the name of the logic function is simply written in 
a rectangle or block (Figure 3-16). Convention dictates that 
inputs are shown on the left-hand side and outputs on the 


right-hand side. The symbols and terminology used comply 
with IEEE Standard 91-1973 (ANSI Standard Y32 14-1973) 
“Graphic Symbols for Logic Diagrams.” 


Inputs Xand Y and Output Z can beOor] 


Figure 3-16: Example of Logic Symbol. 


Where negative or mixed positive and negative logic are used, 
the solid- or open-, full- or half-arrow convention (Figure 
3-17) is used to distinguish between the positive and nega- 
tive meaning of one (1) relative to zero (0). 


“6 5 
lis More Positive ThanO 
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Figure 3-17: Polarity Symbol Convention. 


The negation or “NOT” unit (Figure 3-18) is a frequently 
used logic element. This unit changes the state of the input 
from 0 to 1 or vice versa. For convenience, the symbol 
shown in Figure 3-18a is replaced by that shown in Figure 
3-18b for negated outputs, by that shown in Figure 3-18c. 


NOT 


Output is 1 for O Input 
Output is O for} Input 


(a) Symbol (b) Negated Input (c) Negated Output 


Figure 3-18: Negation Symbol Convention. 


Three variations of normal logic are frequently used in logic 
diagrams: 


a. inverse logic, which represents the inversion of the out- 
puts; that is, the zeros and ones of the outputs are inter- 
changed. Since the effect of the interchange is similar to 
a complementary function in the binary system, it is 
sometimes called the complement. The effect of the 
interchange is the same as adding a NOT (negation) ele- 
ment to each output (Figure 3-19a). As will be seen later, 
an inverse logic function may also be represented by an- 
other function with a different designation. 


b. negation logic, which represents the inversion of all in- 
puts. The effect of the interchange is the same as adding 
a NOT unit to each input (Figure 3-1 9b). Again, this 
type of function may be represented by another func- 
tion with a different designation. 


c. combination logic, which comprises normal, inverse, and 
negation logic functions. The example shown in Figure 
3-19c is a function with one input negated. 


When a logic function has only two inputs, its output is 
usually simple to determine. For three or more inputs, par- 
ticularly with combination logic functions, a logic or truth 
table offers a convenient method of determining the output. 
A logic table for a function with three inputs and one out- 
put is shown in Figure 3-20. The table lists all possible com- 
binations of zeros and ones for the inputs. Each output, X, 
could be zero or one, depending on the function. 


a ee ee 


(a) Inverse Logic (b) Negation Logic (c) Mixed Logic 


Figure 3-19: Variations for Normal Logic. 
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Figure 3-20: Examples of Logic Table. 


IV.C. Principal Logic Units 


In this section, the major units used in relaying will be de- 
scribed. Detailed circuit descriptions will be kept to a mini- 
mum. For simplicity, the diagrams will show only two in- 
puts per function and will include electromechanical con- 
tact equivalents. 


IV.C.1. AND Unit 


The AND logic element is shown in Figure 3-21. The sim- 
plest type consists of forward-biased diodes and resistors _ 
(Figure 3-21a). The symbolic representation and the electro- 
mechanical equivalents for this unit are given in Figure 3-21b, 
the logic table in Figure 3-21c. The forward-biased diodes 
shunt the output terminal, and no output voltage can appear 
unless all input diodes have a reverse bias that equals or ex- 
ceeds the forward bias. Since inputs are either zero or one, 
there is no in between state that would allow partial output 
voltage. Thus, the output is either zero or one, as shown on 
the logic table. Three variations of the AND element are 
shown in Figure 3-22. 
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(a) Circuit (b) Symbol (c) Logic Table 


Figure 3-21: AND Logic. 
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(a) Inverse AND (b) Negation AND {c) Mixed AND 


Figure 3-22: Variations of AND Logic. 
IV.C.2. OR Unit 
The OR unit is shown in Figure 3-23. Again, the simplest 


type of unit consists of resistors and diodes. The symbolic 
representation and the electromechanical equivalents for 
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the unit are shown in Figure 3-23b, and the logic table in 
Figure 3-23c. Since the diodes are not biased, an input volt- 


age applied to any input will produce an output voltage at 
X. 


(a) Circuit (b) Symbol (c) Logic Table 


Figure 3-23: OR Logic. 


Three variations of the OR unit, comparable to those of the 
AND element, are shown together with their electromechani- 
cal equivalents in Figure 3-24a, b, and c. By comparing Fig- 
ure 3-24a with Figure 3-22b, it is clear that the inverse OR 
unit is equivalent to the negation AND. Similarly, the nega- 
tion OR of Figure 3-24b is equivalent to the inverse AND of 
Figure 3-22a. 


(a) Inverse OR 


(b) Negation OR (c) Mixed OR 


Figure 3-24: Variations of OR Logic. 


Another variation of the OR element is the exclusive OR or 
OE (Figure 3-25). OE differs from the normal OR unit in 
that it does not provide an output 1 when both inputs are 1. 


(a) Symbol 


(b) Equivalent (c) Logic Table 


Figure 3-25: Exclusive OR Logic. 


IV.C.3. NOT Unit 


The NOT unit, together with its electromechanical equiva- 
lent and logic table, is shown in Figure 3-26. While the NOT 
unit can be included in logic diagrams as a separate unit, it is 
usually combined with other units using the symbols shown 
in Figure 3-18. 
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(a) Symbol (b) Equivalent (c} Logic Table 


Figure 3-26: NOT Logic. 
IV.C.4. N Unit 


The inversion unit (N), shown in Figure 3-27, is a polarity 
reversal unit. There is no negation. 


(a) Symbol 


PGs re. 


(b) Logic Table 


Figure 3-27: Polarity Inversion Logic. 


IV.C.5. NOR Unit 


The NOR unit (Figure 3-28) is equivalent to normally closed 
contacts in series, since it has no output if there is a 1 on any 
input. This logic is identical to that of the negation AND 
(Figure 3-22b) or inverse OR (Figure 3-24a). Inverse and 
negation NOR units, shown in Figure 3-29, are equivalent 

to the OR unit of Figure 3-23 and AND unit of Figure 3-21, 
respectively. (The name is derived from NOT A or B.) 


(b) Equivalent 


{c) Logic Table 


(a) Symbol 


Figure 3-28: NOR Logic. 
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(b) Negation NOR 


(a) Inverse NOR 


Figure 3-29: Variations of NOR Logic. 
IV.C.6. NAND Unit 


Shown in Figure 3-30, the NAND unit (for NOT A and B) 
is equivalent to the negation OR (Figure 3-24b) and inverse 
AND (Figure 3-22a). Two variations of the NAND unit are 
shown in Figure 3-31. The inverse NAND is equivalent to 
the AND (Figure 3-21) and the negation NAND to the OR 
(Figure 3-23). 
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{a) Symbol 


(b) Equivalent {c) Logic Table 


Figure 3-30: NAND Logic. 


(a) Inverse NAND 


(b) Negation NAND 


Figure 3-31: Variations of NAND Logic. 


From the above discussion, it can be deduced that, except 
for the OE, NOT, and N logic units, any of the logic func- 
tions can be represented in three different ways: (1) as nor- 
mal logic of one type of unit, (2) as inverse logic of a second 
type of unit, or (3) as negation logic of a third type of unit. 
That is, there are four types of logic functions—AND, OR, 


NAND, NOR --which can be represented by a total of 12 dif- 
ferent symbols (Figure 3-32). The first column in Figure 
3-32 represents the normal logic; the second represents in- 
verse logic; and the third, negation logic. Three different 
symbolic representations can thus be used for each of the 
four functions, depending on the logic diagram requirements 
and on engineer or designer preference. 


Normal Logic Inverse Logic Negation Logic 


Figure 3-32: Relationship Between Logic Elements. 


IV.C.7. Time-Delay Units 


Time-delay units are used in the normal manner to provide 
ON and/or OFF delays. The symbolic representation is 
shown in Figure 3-33. The X value in Figure 3-33a is the 
pickup time; that is, the time that elapses between an input 
signal being received and an output signal appearing. The Y 
value is the drop-out time; that is, the time after the input 
signal is removed until the output signal goes to zero. In 
Figure 3-33b, W-X is the range of the pickup time and Y-Z 
is the range of the drop-out time. Any of the values can be 
zero; time values are always in milliseconds unless otherwise 
indicated. 


Note: Upper Left Value, ON Delay 
Lower Right Value , OFF Delay 
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(a) Fixed 


{b) Adjustable 


Figure 3-33: Time Delay Elements. 


V. BASIC LOGIC CIRCUITS 


In describing basic logic circuits, two types of diagrams are 
used: the logic block diagram and the logic circuit schematic 
diagram. In the logic block diagram (also called logic sche- 
matic diagram), the units are represented by their logic sym- 
bols, and the logic symbol blocks are interconnected to pro- 
vide a complete functional representation of the system. In 
the logic circuit schematic diagram, the elements are shown 
schematically. Unit interconnections are shown in the same 
way as in normal schematic diagrams. The logic block dia- 
gram is useful in showing the complete system in functional 
form; the logic schematic circuit diagram in showing how 
the logic units operate. In the following discussion, logic 
schematic diagrams will be used. 


Semiconductors and solid-state logic units can be combined 
in a number of ways to provide basic logic units for relays 
and relay systems. There are three major classifications: 
fault-sensing and data processing logic units; amplification 
logic units; and auxiliary logic units. 


V.A. Fault-Sensing and Data Processing Units 


In solid-state relays, fault-sensing and data processing logic 
circuits use power system inputs (voltage, current, phase 
angle, frequency, and so on) to determine if any intolerable 
system conditions exist within the relay’s zone of protection. 
The conventional functions obtained by logic circuits are 
listed in Table 3-1]. 


Table 3-H 
Conventional Functions Obtained by 
Fault-Sensing and Data Processing Logic Circuits 


Conventional 


Function Logic Circuits 


Instantaneous 
overcurrent 


Magnitude comparison 
with fixed reference 


Time overcurrent | Magnitude comparison 
with fixed reference 


and time 


Integrated Circuit (Sec- 


tion VI.C.2) 


Ground distance Magnitude comparison 
with variable reference 
Phase distance Block-block comparison 
Coincidental-time 
comparison (Ring 
Modulator) 


Directional 


V.A.1. Magnitude Comparison 
There are two basic types of magnitude comparison logic 
units: fixed reference and variable reference. 


V.A.l.a. Fixed Reference 


The logic circuit used for an instantaneous overcurrent unit 
(Figure 3-34) is basically a dc level detector. Input current 
from the current transformer secondary is transformed to a 
current-derived voltage on the secondary of the input trans- 
former. This voltage is limited by Zener clipper Z1 and re- 
sistor R2. For low input currents, the voltage is propor- 
tional to the current, as determined by R1 and R3. The 
minimum pickup is adjusted via the setting of Rl: a low 
R1 setting diverts more current through R1 and R3 and less 
to the phase splitter. 


The phase splitter consists of a resistor-capacitor network, a 
transformer, and a bridge rectifier. Output voltage of the 
phase splitter is shown on the upper part of Figure 3-34. 
When this voltage equals the Zener voltage of Z2, Z2 will 
conduct, providing a base current that turns on QI. QI] then 
turns on Q2, providing an output current through D2 and 
R9. Q2 provides positive feedback through R7 and D1, 
compounding the effect on the level detector. 


The drop-out current can be adjusted by resistor R7, nor- 
mally set for a drop-out/pickup ratio of about 0.97. Posi- 


Phase Splitter Volts 


em 


tive feedback provides the equivalent of snap action, and the 
3 percent bandwidth prevents the equivalent of chattering 
for current values close to minimum pickup. 


This type of circuit could also be used for overvoltage. 
V.A.1.b. Variable Reference 


This logic unit discriminates between the value of an operate 
voltage and the smallest of three restraint voltages. Shown 
in Figure 3-35, this type of circuit forms the decision logic 
element for the SDG ground distance relay described in 
Chapter 10. The restraint voltages (V,, Vy and V,) and 

the operate voltage are connected in opposition through 
tunnel diode TD1 and diodes D25, D26, and D27. When 
the operate voltage is larger than any of the three restraint 
voltages, current will flow through TD1. A small current 
through TD1 drives it to a high voltage (Figure 3-1 le), turn- 
ing on Q1 and producing a voltage across the output termi- 
nal. The tunnel diode characteristic provides a sharp turn-on 
point, which serves as an effective triggering action. 


Since double phase-to-ground faults may cause overreach of 
the ground distance relay, a desensitizer circuit is included. 
This circuit consists of three minimum voltage networks. A 
portion, k, of each of the restraint voltages is input to the 
desensitizer circuit. When any combination of two restraint 
voltages is smaller than the third restraint voltage, an output 
produces a blocking action through D86, preventing Q1 from 
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Figure 3-34: Magnitude Comparison de Level Detector as an Instantaneous Overcurrent Unit. 
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Figure 3-35: Magnitude Comparator Circuit. 


turning on. When the operate voltage becomes larger than 
the largest restraint voltage, reverse bias is applied to D86 
through D38, turning Q1 on. 


V.A.2. Phase Angle Comparison 


Phase angle comparator logic circuitry produces an output 
when the phase angle between two quantities is within cer- 
tain critical limits. Either of these two quantities—the po- 
larizing (or reference quantity) and the operating quantity— 
may be current or voltage. 


Two types of phase angle comparator logic circuitry are in 
common use: block-block and coincident-time comparison. 


V.A.2.a. Block-Block Comparison 


The block-block type of phase angle comparator uses the 
zero-crossing detector principle to generate square waves. 
Additional logic circuitry provides an output if the operate 
quantity leads the polarizing quantity. Phase relations for 
the operate condition are shown in Figure 3-36. An output 
is obtained if the operating input leads the polarizing input 
by 0 to 180°. Conversely, no output (restraint) occurs if 
the operate input lags the polarizing input by 0 to 180°. 
The phase relation for this restraint condition is given in 
Figure 3-37. 


Half-cycle square waves are generated at each zero crossing 
of the respective input quantities. The polarity of the 


square waves is the same as that of the generating quantity 
during corresponding half-cycles. 


Operate Input 
+ © 


Polarizing Input 


Operate Blocks 


Positive Half Cycle 
Negative Half Cycle 


Polarizing Blocks 


Positive Half Cycle 
Negative Half Cycle 
Figure 3-36: Phase Relationship of Block-Block Circuit for 
Operate Condition. 


One half of the circuit of a block-block type comparator 
(Figure 3-38) makes the comparison during the positive half- 
cycles. A similar circuit makes the comparison during nega- 
tive half-cycles. The input diodes, arrays DA and DB, limit 
the input voltage to 1.5 V and the output of transformers 
Tl and T2 to about 12 V. 


For the operate condition shown in Figure 3-36, the lead- 
ing operate input makes the base of QI positive before the 


polarizing input can make the base of Q3 positive. Thus, Q1 
turns on first which turns on Q2. Since QS has not been 
gated, it is in the block state, permitting an output through 
Q2, R8, and the output diodes. When Q2 turns on, D3 is 
reverse-biased through D4 from the 20-V supply. This pre- 
vents the flow of base current to turn Q4 as otherwise would 
occur as the lagging polarizing input becomes positive and 
turns on Q3. Since Q4 cannot turn on, a half-cycle of out- 
put occurs. Similarly, during the negative half-cycle, the 
leading operate input provides an output in the other half 
of the circuit, which connects through its negative half cycle 
diode to the output. 
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Figure 3-37: Phase Relationship of Block-Block Circuit for 
Restraint Condition. 
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Figure 3-38: Block-To-Block Type Phase Angle Comparator Circuit. 


If, however, the polarizing input leads the operate input 
(Figure 3-37), the base of Q3 becomes positive before the 
base of Q1. Q3 turns on first and then turns on Q4. The 
current flowing through Z1, Q4, R6, and R7 produces a 
voltage drop across R7. This voltage drop gates thyristor 
Q5, causing it to conduct and short the output to negative. 
As the lagging operate input becomes positive, it turns Q1 
and Q2 on, and (since Q5 is conducting) the current through 
Q2 and R8 is shunted to negative. The operate input that 
remains when the polarizing half-cycle is completed cannot 
produce an output, because Q5 continues to conduct. Re- 
covery is determined by the anode-to-cathode current, and 
R8 is set to allow sufficient holding current from the 20-V 
supply to maintain Q5 in a conducting state until the oper- 
ate quantity is practically zero. 


V.A.2.b. Coincident-Time Comparison (Ring Modulator) 


Functioning like a biased bridge rectifier, the ring modu- 
lator type of phase angle comparator produces an output 
when the operate quantity leads or lags the polarizing quan- 
tity by 90° or less. This characteristic makes the ring mod- 
ulator applicable as a directional sensing unit. 


Figure 3-39 shows the operating principles of the bridge 
under several input conditions. Current inputs are shown, 
but combinations of current and voltage can also be used. 
Solid arrows indicate the input operate quantities; open ar- 
rows, the input polarizing quantities. Actual current is the 
phasor sum of the currents shown. The in-phase conditions 
are shown in Figure 3-39a. 


In the bridge rectifier, two diodes are forward-biased by the 
larger current, and the magnitude of the output is deter- 
mined by the smaller current. When the operate current is 
the larger, top half of Figure 3-39a D1 and D3 are forward- 
biased, with the return through R1 and R2 blocked by D4. 
The polarizing current is shown in two parts each one half 
of IpoL: The half going down through the transformer 
from point A flows backward through D3 and R1 to the 
polarizing terminal. However, since the operate current is 
the larger, net current in D3 is forward. The output voltage, 
IpoiR!, is proportional to the smaller current. 


If the operate current reverses and is still larger than the po- 
larizing current, D4 and D2 are forward-biased, with the re- 
turn through R2 and R1 blocked by D1. Polarizing current 
going up from point A flows backward through D2 and up 
through R2 (net current in D2 is forward). The output volt- 
age, “Ippo R2, is reversed. 
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(b) Operation for 90° Condition Between Operate and Polarize Quantities 


Figure 3-39: Principle of Operation of Ring Modulator Type Phase Angle Comparator. 


With reversed —but still smaller—polarizing current, part of If the polarizing current is the larger, as in the bottom half 
the polarizing current would flow up through R1, around of Figure 3-39a, D1 is forward-biased through R1, and D4 
through D1 (which is forward-biased by the operate current) is forward-biased through R2. If R1 equals R2, net output 
and back. The other part would flow up through R1, down from the polarizing current is zero. The smaller operate cur- 
through D3, and back. Again, the output voltage, “Ippo, R! , tent flows through D1, R1, R2, and back through D4. Net 
is reversed. 
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current in D4 is forward because of the larger value of po- 
larizing current. The net output, then, is Top (R1 + R2), or 
2IopRI. 


Reversing either the polarizing or operating current will re- 
verse the output voltage. 


The output will not be zero as long as the smaller current is 
above a threshold or pick-up value. When the sum of the 
currents through a diode is zero, as through D3 in Figure 
3-39a, the output is still TopR!. Any tendency of either 
current to flow in another path, because D3 is not conduct- 
ing, will result in one of the two components becoming 
larger; that is, the zero condition no longer exists. 


Figure 3-39b shows the ring modulator operation when the 
operate current is larger than the polarizing current and 
leads it by 90°. At time zero, half of IpoL flows up 
through R1, down through D3, and returns up the lower 
half of the transformer to A. The other half flows down 
through R2, up through D2, and down the upper half of 
the transformer to A. The net output is zero as lop is Zero. 
As lop increases from zero to equal IPoL (Point P), lop 
flows through D2, R2, Rl, and D3, producing an output of 
-2IopRI, where R1, and R2 are equal. When lop equals 
Ipob the current in D2 goes to zero. As lop becomes 
larger than Ipop D1 conducts. The negative IpoL all 
flows through R1; half passes through D1, and the other 
half continues through D3. lop flows through D1 and D3, 


producing an output of -2Ipo, RI. 


Tt 
Operate 


Positive 


At time Q, where lop again equals IpoL the polarizing cur- 
rent is about to become the larger current and forward-bias 
D1 and D4. The output changes to +21gpRI and decreasing. 
When lop crosses the zero axis, the output is zero. As the 
operating current becomes negative, so does the output, 
which reaches a maximum of - 2IopR. 


Further analysis shows that there is a maximum positive or 
negative output each time lop = IpoL and alternate one- 
half-cycle periods (4.17 ms) of positive and negative outputs. 
These outputs are crosshatched in Figure 3-39b. Similar 
results are obtained if the polarizing quantity is greater than 
the operating quantity, but with lop leading IpoL by 90°. 


For directional logic applications, the output of the ring 
modulator is fed into the logic circuit shown in Figure 3-40. 
With a positive output across R1-R2, transistor Q1 turns on, 
turning Q2 off and charging C2 through R7, R8, and R9. 
The timing circuit is adjusted so that if the positive output 
exists for 4.17 ms, the uni-junction Q3 conducts, turning 
on Q4 first and then QS, to produce an output. 


The discharge time of C3 through R12 and R13 is adjusted 
to keep Q4 conducting for at least 8.5 ms. This provides a 
continuous logic output whenever the ring modulator bridge 
provides a positive output for 4.17 ms or longer. If, in Fig- 
ure 3-39b, the operate current (lop) wave is shifted to the 
right, representing lead angles of less than 90°, the positive 
output periods will be greater than 4.17 ms. (The negative 
output periods will be less.) 


Output 


Negative 
Polarizing 


Figure 3-40: Ring Modulator Type Phase Angle Comparator Circuit. 


= Box indicates Normally ON Transistor 


Conversely, if the operate current shifts to the left, repre- 
senting lead angles of more than 90°, the positive outputs 
will be less than 4.17 ms. (The negative outputs will be 
greater.) That is, the ring modulator output will become 
negative before Q3 reaches its firing point. This negative 
output will turn off Q1 and turn on Q2, blocking Q3. 


Further analysis for cases where the operating current lags 
the polarizing current produces similar findings. Thus, the 
coincident-time phase angle comparator provides a continu- 
ous output when the operate and polarizing currents are 
+90° or less, the watt characteristic for a directional unit. 


V.B. Amplification Units 

V.B.1. Breaker Trip Coil Initiator 

The breaker trip coil initiator circuit both provides power 
(amplification) for a trip coil and isolates the control cir- 


cuitry from the tripping energy source (the station battery). 
A typical circuit is shown in Figure 3-41. 
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Figure 3-41: Breaker Trip Coil Initiation Circuit. 


Q1 turns on when the input voltage from the fault-sensing 
and data processing circuit exceeds 2 V. Q1 then turns on 
Q2, allowing C2 to charge through R6. When the voltage 
across C2 reaches the “‘firing voltage” of the uni-junction 
transistor Q3, the capacitor energy discharges through T1. 
This discharge reduces the voltage across the capacitor, turn- 
ing Q3 off until the charge on C2 builds up again. 
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In this way, a repetitive train of pulses is generated as long 
as the input signal exists. These pulses are transformed 
through T1 to fire the thyristor Q4, permitting current to 
pass through LA, Q4, T2 primary, LB, and Z4 and to trip 
the circuit breaker. The time delay of this circuit is approxi- 
mately | ms. Tl has two secondaries, the second of which 
is connected to a similar Q4 circuitry for double trip. 


Except for the transformer T2, the devices associated with 
Q4 provide security. Zener Z1 clips high voltage transients 
on the battery leads to one-third of Q4 rating. This voltage 
clipping prevents false operation of Q4 from surges and over- 
voltage. The two-winding reactor LA-LB suppresses any 
transients that could be transmitted through the interwind- 
ing capacitance of T1 or between the trip circuit and other 
logic circuit wiring (See Chapter 4 and Figure 4-12). Zener 
Z4 prevents shock excitation from setting up high frequency 
oscillation, which might reverse the current through Q4 and 
return it toa blocking state. 


Capacitor C3 is initially charged through R9 and Z3 when 
the breaker or switch is closed, bypassing T2 to avoid a false 
indication. When Q4 fires, C3 discharges through Q4, Z2, 
and R8. This discharge provides a holding current for Q4 for 
about 1 ms—long enough for the current through the induc- 
tive trip coil to reach the required holding current for Q4. 


V.C. Auxiliary Units 


V.C.1. Annunciator Circuits 


Two types of circuits are used to provide light and alarm in- 
dications: one is for circuit breaker trip operations and the 
other is for general use. 


A typical breaker trip indicator and alarm logic is shown in 
Figure 3-42. Transformer T2 is in the trip circuit, as in Fig- 
ure 3-41. The transformer core uses a square hysteresis loop 
material to produce a very small exciting current and negli- 
gible inductive reactance when saturated. When trip current 
flows (after Q4 fires), the circuit of RI, C1, R2, and R3 
stretches a 2-ms pulse at the secondary of T2 into 6 ms at 
20 V at the output of Q2. The input signal turns on both 
Q1 and Q2 to charge capacitor C2. When the voltage builds 
up to the “intrinsic standoff ratio” of the uni-junction tran- 
sistor (Vp of Figure 3-15), Q3 fires and gates Q4, energizing 
the indicating light. The conduction of Q4 also gates QS 
through R10 from the drop across R11. Q5 energizes the 
alarm relay. Even if the indicating light circuit is open, Q5 
will still be gated. 
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Figure 3-42: Breaker Trip Indicator and Alarm Circuit. 


The general indicator circuit is shown in Figure 3-43. The 
normal condition is a (1) input, which makes Q1 conducting. 
For indication, the (1) is removed, turning Qi off. Then Cl 
charges through R3 and R7. When the voltage across Cl 
reaches the firing point of Q2, Q2 is turned on, gating Q4 
and QS to energize the indicating light and alarm relay. 
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Figure 3-43: Indicator and Alarm Circuit. 


The indicating lights are the solid-state equivalent of me- 
chanical indicating targets. Red lenses are used to indicate 
tripping or to indicate which sensing unit signalled a trip; 
amber lenses indicate general alarms; blue lenses indicate 
testing. Sixty-V lamps operated at 48 V or 120-V lamps 
operated at 96 V provide filament life of more than 30,000 


hours. 


V.C.2. Coordinating and Loop Logic Timers 


Fixed-time delay timers are used extensively in logic cir- 
cuitry. A typical circuit of this type is shown in Figure 3-44. 
With an input, QI is normally conducting and shorts C1 
through R4. Removing the input turns Q1 off, and permits 
Cl to charge through R3 and R4. When the voltage across 
Cl reaches the Zener voltage of Z1 plus the potential hill of 
D1 and Q2, base current will flow, turning on Q2. Turning 
Q2 on removes voltage from the output. The fixed time in- 
terval is between removal of input to removal of output. Al- 
though normally used for short delays, judicious selection 
of values for R3, R4, Cl, and Z1 provides a wide range of 
available time delays. Similar circuitry can provide a delay 
between an ON input and an ON output, or other variations. 
Also, timers can be made adjustable by making elements 
such as R3 adjustable. 
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Figure 3-44: Typical Logic Timer Circuit. 


V.C.3 Toggle or Latching Circuits 


Toggie or latching circuits, known as “‘flip flops,” are bi- 
stable units similar to a latched-in or toggle-type relay. An 
operate signal will make the unit change state; removal of 
the signal will leave the unit in the new state. A momen- 
tary reset signal will restore the unit to its original state. 
Normally, a momentary operate signal will change the out- 
put from (0) to (1) and a momentary reset signal will change 
the output from (1) back to (0). The typical circuit shown 
in Figure 3-45 is simplified to aid in the explanation of its 


operation. 
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Figure 3-45: Flip-Flop Circuit. 


The circuit shown is in the reset state with a Clear output 
and No Set output. The voltage divider R3, R5, and R8 
provide base voltage to Q2. Since Q2 is conducting, the set 
output is shunted to negative. Q1 is not conducting: its 
base, supplied through R6, R4 and R2, is at negative. There 
is, however, a clear output from the R3-R5-R8 voltage di- 
vider, 


Closing the set input switch $1 momentarily reverses this 
condition. Voltage divider R1-R2, provides base drive to 
turn Q1 on. The base drive for Q2 is then shunted through 
Q1 to negative and Q2 is turned off. When S1 is opened, Q1 
will remain on, through voltage divider R2-R4-R6. Q2 will 
remain off, since R5-R8 ties Q2’s base to negative. Thus, 
with Q1 on and Q2 off, there is a set output but no clear 
output. , 
When a momentary signal is applied to the reset input, volt- 
age divider R7-R8, provides base drive to turn Q2 on again. 
This ties the base of QI to negative, turning it off. Q2 then 
remains on, even after the reset signal is removed. The unit 
is now back to its reset or normal state. 
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Figure 3-46a is a symbolic representation of a normal flip 
flop. A modification to the normal flip flop is to desensi- 
tize it by holding Q2 in a saturated condition. When satu- 
rated, Q2 keeps conducting even when Q] turns on. This 
prevents a spurious set signal from producing a set output. 
The modified flip flop must first be “‘armed” by introduc- 
ing an input “arm” signal (Figure 3-46b). This signal re- 
moves the desensitizing bias from Q2 and allows it to turn 
off when the normal set input signal is applied. 
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Figure 3-46: Flip-Flop Logic Symbols. 


The flip flop can also be combined with AND logic, so that 
two or more separate set input signals must be received si- 


multaneously to produce an output. This modification may 


also be provided with desensitizing, again requiring an arm- 


ing signal. These modified flip flops are commonly used for 


the final trip logic unit in solid-state relaying systems. 


V.C.4. Isolator and Buffer Circuits 


Output and input isolators separate and electrically isolate 
dc circuits between logic units. Used on the input and out- 
put of each separately packaged relay, buffers protect the 
logic circuit from transients and surges on interconnecting 


leads and circuitry. Both isolator and buffer circuits protect 


solid-state relays against undesirable operation on spurious 
signals. 


V.C.4.a. Input Isolator 


A typical input isolator circuit is shown in Figure 3-47. A 
20-V input to the pulsing circuit of R1-R3-C1-D2 charges 
the capacitor C1. When the capacitor voltage reaches the 
breakdown voltage of the four-layer diode, D2, a pulse is 
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20 Volts Dc Supply 


Output 
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Figure 3-47: Input Isolator Circuit. 
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To Duplicate Circuit 
as Shown Below 
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Output 


Negative 


Figure 3-48: Output Isolator Circuit. 


transmitted through Tl. The discharge of Cl turns D2 off 
until the voltage across Cl builds up again. Thus a series of 
pulses continues as long as the input signal exists. Zener Z1 
provides surge-protection clipping at 20 V. 


The pulses are rectified and accumulated on C2. C2-R4-R5 
provide a steady dc input to Q1 until the input is removed. 
Q1 conducts, turning Q2 on and provides a 20-V output. 


V.C.4.b. Output Isolator 


The input section of the output isolator circuit (Figure 3-48) 
is similar to the breaker trip coil initiation circuit shown in 


Figure 3-41. The output isolator circuit differs in that a 
four-layer diode (D1), rather than a uni-junction transistor, 
provides a pulse chain through T1. An input voltage turns 
on Q]1 and Q2, charging C2. The voltage across C2 triggers 
D1, as described above. The pulses—rectified and filtered— 
are applied to the base of Q3, turning it on and producing 
an output. Zener Z1 provides surge-protection clipping at 
20 V. 


V.C.4.c. Input Buffer 


The input buffer circuit is shown in Figure 3-49. A normal 
20-V signal will result in approximately 90 percent ofthe 
voltage appearing across R3 and capacitor Cl. When the 


voltage on C1 builds up to around 5 to 7 V, current flows 
through Z2, D1, and R4. Q1 then turns on, which produces 
an output. RS is required when the output drives a PNP 
stage but omitted for a NPN stage. For internal logic cir- 
cuitry, Q1 can be turned on by the unbuffered input. 


(+) 20 Volts Dc Logic Supply 


Unbuffered Input 


Rl R2 ve 0} 
ale « T id > Output 
Input 21 R3 Cl R4 
Le | 


(~) Negative 


Figure 3-49: Input Buffer Circuit. 


There are three types of buffering: (1) A high frequency, 
high voltage surge on the input, such as the 1.0-to-1.5-MHz, 
2500-V standard test surge, is dropped across R1 and 
clipped to 20 V by Z1; (2) All signals of 150 to 200 us are 
delayed by means of R1-R2-C1; (3) A minimum threshold 
voltage of 6 V is required to turn on Q1. In the latter case, 
maximum (0) voltage level is 6.0 V and the minimum (1) 
levelis 15 V. A bonafide signal must exist for at least 150 ys. 
This buffer is further described in Chapter 4, Figure 4-15. 


V.C.4.d. Output Buffer 


The output buffer circuit is shown in Figure 3-50. An input 
greater than 2 V turns on QI and Q?2 to provide approxi- 
mately 18-V output. Cl provides a 75-us delay through the 
unit. High voltage, high frequency transients on the output 
are limited and clipped by R6 and the 24-V Zener Z1. 
Should the output be shorted, Q2 is protected by the 
current-limiting action of R6. 


(+) 20Volts De Logic Supply 


—» 


Unbuffered Input 


Ri 


=+ 


Input Re 


b+ 


(—) Negative 


Figure 3-50: Output Buffer Circuit. 
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V.C.5. Power Supply and Regulator Circuits 


Since normal station battery voltages and solid-state devices 
are not compatible, it is necessary to drop the common 
125-V or 250-V supply to 20 V for use in the logic circuits. 
Two circuits for regulating this voltage reduction are shown 
in Figure 3-51. 


Positive 


Station (+) 20 Volts Dc Supply 


Battery 
Voltage i 
Zz 


Cc) Vv. - Load 
Negative i | 


(a) Simple Voltage Regulator Using a Zener Diode 


Positive 


Station 
Battery 
Voltage 


Negative 


Figure 3-51: Power Supply and Regulator Circuit. 


In Figure 3-51a, R1 steps down the station battery voltage, 
and Z1 regulates the voltage on the lead bus to 20 V. Cl 
provides filtering and noise suppression. 


A transistor-type circuit is shown in Figure 3-51b, where the 
battery voltage is dropped across Rl and Q1. The base of 
Q] is held at the breakdown value of Z2 through R2, which 
also determines the reference. The load voltage is held one 
potential hill (approximately 0.5 V) lower than the voltage 
of Z2. If the load voltage is reduced, base current flows 
through Q1. As current flows into the load, through R1 

and Q1, the supply voltage increases until it reaches a value 
one potential hill below the Z2 voltage. At that time, the 
current through the base emitter junction is reduced until 
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the collector current equals the load current. Cl provides 

noise suppression and filtering. D1 protects Q1 against re- 
verse voltage, and Z1 provides overvoltage transient protec- 
tion. 


The switching power supply (Figure 3-52) provides high ef- 
ficiency and relative insensitivity to input voltage. Transistor 
Q1 is used as a switch, either off or full on. When the volt- 
age comparator switches QI on, diode D1 is reversed biased 
and Vin is applied to inductor L1. The current through L1 

di (Vin- Vc) 
increases at the rate — = ———————— 

dt Li 
When the output voltage Vel reaches a predetermined value, 
the voltage comparator turns transistor Q1 off. At this 


to charge capacitor Cl. 


point the current continues to flow through inductor L1, 
forwarding biasing diode D1. When the current in L1 falls 
below load current, capacitor Cl starts discharging, decreas- 
ing the output voltage Vey until it falls below the predeter- 
mined level set by the voltage comparator, and Q1 is again 
turned on and the cycle is repeated. The circuit is designed 
so that Q1 switches at the rate of about 22kHz to 25kHz to 
keep the ripple relatively small and the capacitor C1 rela- 
tively fully charged. 


Q 


1 
Vin(t) Vt 
Input Output 
Voltage Voltage Voltage 
Comparator R} 
and Driver 
Negative Negative 


Figure 3-52: Switching Power Supply. 
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dc Input 


Figure 3-53: Dc to dc Power Supply or Converter 


Where d-c isolation is required between circuits, the d-c to 
d-c power supply or converter is used. Closing the input 
switch (Figure 3-53) turns on Q2 through positive supply, 
R2, Q2 to negative. This pulses the lower winding N1 of T1. 
The N2 winding provides feedback to keep Q2 operated and 
Q1 off. The transformer T1 has a square wave hysteresis 
characteristic. When it saturates N2 feedback is removed 
and Q2 turns off. Cl then discharges to turn Q1 on and 
pulse the upper N1 winding. Saturation in the opposite di- 
rection reverses this process. The alternate positive and neg- 
ative pulses at N3 are rectified and filtered through C6 for 
the d-c output. The input-output can be 125V -125V, 
125V - 48V, 48V - 48V with different circuit values. 


VI. INTEGRATED CIRCUITS 


The trend in solid state relaying is toward the use of linear 
and digital integrated circuits to replace discrete transistor 
circuits described above. A preview of the linear integrated 
circuit operational amplifier and its application to basic re- 
lay units follows: 


VI.A. Operational Amplifier 


Figure 3-54 shows the equivalent circuit of a basic opera- 
tional amplifier. The triangle symbol is used for this device. 
The supply voltages + Vcc (generally + 15V dc) with a com- 
mon of zero volts are not shown. The input terminals are a 
and b: b is the non-inverting input since a positive voltage 
produces a positive output. A positive voltage on a, the in- 
verting terminal will yield a negative output. 


The output & is amplified by the open loop gain A so that 


ey = Ae, = A (ey - 4) (3-7) 
The plot in Figure 3-54 shows that a small differential 
change drives the amplifier into saturation since the open 
loop gain A is very large. 


Most applications use negative feedback Figure 3-55, where 
Zr is connected from the output to the inverting input a. 
lin can be determined from the drops around the input loop: 


“in t Hin Zin “°n t ref = 9 
e. te -e 
in “n ‘ref 
L = (3-8) 
in 
Zin 


Common 


&9 
Positive Saturation 


Negative Saturation 


Typical Parameters (Type 741) 

Input Resistance= Rj = 2.0 Meg Ohms 
Output Resistance = Ro= 75Ohms 

Open Loop Gain =A = 200,000 Volt/ Volt 


Figure 3-54: The Equivalent Circuit of an Operational Amplifier. 


Figure 3-55: An Operational Amplifier With Negative Feedback. 


If Zr is much smaller than R;, the input resistance, the as- 
sumption is that no current flows in the a or b terminals, so 
that 


The drops around the Ze feedback loop are 
~ pep FO t UpZp te, = 0 
a “ref ~ "n 7 &o (3-10) 


I 
f 
Ze 


Equating equation (3-8) and (3-10) with the assumption of 
equation (3-9) provides 
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Ze : Zin da, «yaad 
€ = e€ _— —— - -— ooo 
ref in fo) 3- 
nm Zp +Zin Zp+Zin 
Substituting equation (3-7) and solving for €y: 
; Z 
1 in f 
e 7 -{_.- ___ Je. (3-12) 
fo) ref in 
A Zin +Z Ze + Zin 


( zi ae (3-13) 
e.= + e - e. ia 
fe) ref in 

Zin Zin 


This equation (3-13) is the general operational amplifier 
equation with negative feedback. 


If equation (3-13) is substituted into equation (3-11), the 
solution for en will equal zero. Thus practically a and b ter- 
minals are of the same relative potential. The inverting in- 
put terminal (a) is referred to as “virtual ground.” 


VI.B. Basic Operational Amplifier Units 

A number of basic units are derived from a single operational 
amplifier for use in relay circuits. These are described with- 

out the additional components required for accuracy, stabil- 

ity or compensation. 

VI.B.1. Inverting Amplifiers 

The inverting amplifier of Figure 3-56 is the circuit of Fig- 


ure 3-55 with terminal b connected directly to common (0 
volts). From equation 3-13 


e. (3-14) 


Figure 3-56: An tnverting Amplifier Unit. 
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If resistors are used as shown in Figure 3-56, the output & 


R 
is opposite of the input modified by the scale tactor(“* 


in 


VI.B.2. Non-Inverting Amplifiers 


If the a input is reduced to zero through Rin (Figure 3-57a) 
and the input applied to terminal b instead of Crep equation 
3-13 reduces to 


(3-15) 


The input and output are in phase with a scale factor of 
R 
( sgl 
Rin 
if Re is made very large compared to Ri then for a sine 
wave input, the output essentially will be an in-phase square 


wave to provide a squaring circuit. 


Common 


(a) Non-Inverting Amplifier 


Common 


(bo) Voltage Follower 


Figure 3-57: A Non-Inverting Amplifier and Voltage Follower 
Units. 


Another version is the voltage follower shown in Figure 
3-57b. Re approaches zero, a short circuit, and Rin ap- 


proaches infinity, an open circuit. The gain factor _f 
R. 
Re in 
approaches zero so that the scale factor ( + = approaches 
R: 
in 


unity. Thus the output voltage €, equals or follows ein In 
this circuit the input impedance seen by ein essentially is in- 
finite and no current flows into the b terminal. 


VI.B.3. Adders 


An adder unit (Figure 3-58) has two separate inputs through 
Ral and Ry to the negative terminal a with terminal b at 
zero. Equation 3-13 reduces to 


Re Re 
@ SoS ee 2 (3-16) 
al a2 
Ra} Ri? 
If Rai = Ry = Rr then the output equals the negative of 
a1 + &42: 


Common 


Figure 3-58: An Adder Unit. 
VI.B.4. Subtractors 


The basic circuit is shown in Figure 3-59. The voltage at 
the plus terminal of the operational amplifier will be 
Re 
———— &},. 
Ry oi Rin 


Substituting this is equation 3-13: 


R 
= 1 (e,-¢,) 


in 


a 
(3-17) 


If Re = Rin then &y = ey - ey. 


Figure 3-59: A Subtractor Unit. 


VI.B.5. Integrator and Simple Low Pass Filter 


With a capacitor as the feedback component, the inverting 


amplifier of Figure 3-56 becomes an integrator (Figure 3-60). 


1 ¢. 
ey = a figat (3-18) 
‘ : ein ‘ 
and since ip =— =i, 
in 
eee! dt 3-19 
e4= 7 a fein (3-19) 


This circuit is a simple low pass filter. Considering mag- 


1 
nitudes only Ze =—— so that equation 3-14 becomes 
2nfC 


1 
le |= -———_—_ le. _| 
0 2mfCRi, in 


Thus as frequency increases, the magnitude of & decreases. 


Common 


Figure 3-60: An Integrator and Low Pass Filter Unit. 


VI.B.6. Differentiator and Simple High Pass Filter Unit 


This circuit is shown in Figure 3-61 and is the inverted am- 
plifier circuit with a capacitor in the input circuit. 


de: 
din = ip = CGE (3-21) 
so that 
de. 
e.=- R,c 2 bs 
) fat (3-22) 
with magnitudes from equation 3-14, where Z.. = oes 
in 2nfC 
and Ze = Re. Thus, 
leg | =~ 2nfCRy lei! (3-23) 


This is a simple high pass filter, as fc decreases, le, decreases, 
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Common 


Figure 3-61: A Differentiator and High Pass Filter Unit. 


VI.B.7. Phase Shift Units 


A variety of phase shift units are obtained using capacitor 
and variable resistor combinations. These are illustrated in 
Figure 3-62. A phase angle range of 90° to 180° is obtained 
with Z, adjustable from 0° to -90° (Figure 3-62a), 180° to 
270° with Z;,, adjustable from 0° to -90° (Figure 3-62b). 
Inverting operational amplifiers are used in both these cir- 
cuits. 


24 [0 To-90° 


&y = Kein [90 To 180° 


a) Common 
RF 
(__} 
Zin | O To-90° 
ein oz 
O & @o=Kein, | 180° To 270° 
b) Common 


&g = Kei, [O To- 90° 


c) 


@g=Kejn LO TO+90° 


d) 


Figure 3-62: Phase Shift Units. 


Non-inverting amplifiers with the RC network connected as 
a voltage divider (Figures 3-62c & d) provide a phase angle 
range of 0° to +90° or 0° to ~90° depending on the posi- 
tion of Rand C. 


VI.B.8. Level Detectors 


Figure 3-63a shows a level detector using the operational 
amplifier in the differential mode. From equation 3-7 
c= A (e 


e (3-24) 


ref ~ “in) 


and 


(3-25) 


e Vv 
ref ce 
R, + Ry 


As illustrated in Figure 3-54, a change in level of ein (e,) 
slightly above or below Cref (e,) will cause the amplifier to 
go into either negative or positive saturations respectively. 
With ref formed by the RI - R2 voltage divider, & be- 
comes low with ein above Cref and high when ein is less 


than Cref: 


Com (OQ) 


Example: 


Example: 
RIFR2=R3=1OK,Vo,=15V 
@ re¢= IOV, When @g=15V 
Cref= OV When @570 


RI=5K, R2=l0K, Wz l5V 
Cref= lov 


e & 


0 
15 15 
| 
5 io 5 ro) 


(e) 


a) 


Figure 3-63: Level Detector Units. 


Hysteresis is obtained with positive feedback through re- 
sistor R3 Figure 3-63b. With &y large, ere 8 determined by 
the voltage divider R2 and R1 in parallel with R3. This 
voltage is higher than with just R1 and R2. €, approaches 
zero when e;, exceeds the Cref This causes ref to be low- 
ered to a potential determined by the divider relationship 

of R1 and R2 in parallel with R3. Thus the voltage at which 
€, Switches from high to low is greater than the voltage 
when it switches from low to high. This is illustrated in the 
example in the lower half of Figure 3-63b. 


VI.B.9. Active Filters 


A typical active filter unit is shown in Figure 3-64. High 
“Q” circuits, different gains and resonant frequencies are 
easy to obtain. Inductance is not used in these circuits. The 
filters can be cascaded and are unaffected by loading. 


e 


5 


Common 


Frequency 


Figure 3-64: A Multiple Feedback Band-Pass Filter Unit. 


VI.C. Relay Applications of Operation Amplifier 


Three protective relay applications illustrate the use of the 
basic operational amplifier units described. The relaying in- 
puts from current and voltage transformers are converted to 
low level signals by shunts or auxiliary transformers. 


VI.C.1. Instantaneous Overcurrent Unit 


An operational amplifier instantaneous overcurrent unit is 
shown in Figure 3-65. Input current, i, is converted to a 
proportional voltage through shunt R and filtered by an ac- 
tive band pass filter (OA1). The pickup at other than the 
system frequency is significantly higher to minimize har- 
monic effects. OA2 is an adjustable gain inverting amplifier 


P 
with a gain of -K ae The amplified signal -k; is rectified 


Bridge 
Full Wave 
OA-3 
and OA-4 


—{Kil Avg [Kil 


(b) Simplified Schematic 
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Figure 3-65: An Instantaneous Overcurrent Unit. 


by OA3 and OA4. When the signal from OA2 is negative, OA3 
forces its output positive while the input to the (+) terminal 
of OA4 will be negative through R7. This back biases diode 
D1 to disconnect the OA3 output to OA4. OA4 acts asa 


V Reference 


Rectification and 
Information 
Switching 


Plug-in 
RC. Curve Comparator Shot 
Network 


Figure 3-66: The SCO Inverse Time Overcurrent Relay. 
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voltage follower with its output negative and following the 
(+) terminal input. When OA2 output goes positive, the 
output of OA3 goes negative and applies a negative input 
to the (+) terminal of OA4 through D1. With R5 equal to 
R6 OA3 is a unity gain inverter with the input to OA4 neg- 
ative when the OA3 input is positive. 


VI.C.2. The SCO Inverse Time Overcurrent Relay 


The logic diagram of the SCO solid state inverse time over- 
current relay is shown in Figure 3-66. RC approximation 
and digital time multiplication is used to provide inverse 
time characteristics equivalent to the electromechanical CO 
relays. 


The dc power supply requirements are obtained from the 
input current through the current-to-voltage transformer T. 
This reference voltage output switches on the information 
winding of T for overcurrent detection. The current infor- 
mation is first processed by an ac to de conversion circuit 
whose output is then introduced to a multi-branch RC net- 
work. Each RC branch contains a first order RC circuit 
with a time constant different from the other branches. The 
outputs of these RC branches are properly weighted to ap- 
proximate a desired current-time curve. By changing these 
RC networks by means of a plug-in module, any of the 7 


Level Detector for 
Instantaneous Trip 


Levet Detector for 
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characteristic curve families (i.e. inverse, very inverse, etc.) 
can be generated. The weighted RC output is then com- 
pared with the reference level, which, if it exceeds, causes a 
pulse signal to be generated from the one-shot. This signal 
is used to advance the binary counter and to reset the RC 
network. This operation repeats until the counter reaches 
a certain predetermined count. An output signal is then ap- 
plied to the decimal decoders where a time-dial count takes 
place. This feeds the AND circuit through an OR to the 
trip output. The instantaneous trip unit is a non-hysterises 
operational amplifier (Figure 3-63a) level detector. It op- 
erates through the OR unit to provide a trip output. 


VI.C.3. Sequence Networks 


Sequence networks can be designed by using operational 
amplifiers. A negative sequence circuit is shown in Figure 
3-67. From chapter 2: : 


Iy=4 (lata? hy tal.) (2-33) 


With phase shift units (Figure 3-62), ly is shifted 240° and 
I 120°. With adder units, the final output is 
(I, +1, (240° +1, [120° 


€y= 


and with R= 1 ohm, 


Positive sequence and composite filter can be designed fol- 
lowing the same technique. 


VI.C.4. Threshold Squares and Square Wave Detectors 


These basic units are used in phase comparison pilot systems. 


A typical circuit is shown in Figure 3-68. The outputs pro- 
vide square waves at a low level for keying to a remote ter- 
minal, and at a high level for local comparison. 


The top circuit (X) has an adjustable non-inverting amplifier 
and a level detector. If the sine wave at A is of sufficient 
magnitude to exceed the level detector setting (R4 and RS), 
the level detector output switches to “0” during the positive 
half cycle as shown in the wave traces. P1 determines the 
magnitude at which the output switches. At low currents 
the output remains “1” while at high currents, the output 

is a Square wave. 


(306K {= 60° } -Bligtip 240° tic |120°) 
aabee 15.3K O1MFD 


OIMFD |30.6k 


isis V ‘ie 


a) Circuit 
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b) Wave Traces 


Figure 3-68: A Threshold Squarer and Square Wave Detector. 


The middle circuit Y is similar to X except that an inverting 
amplifier is used, to provide a positive output from a nega- 
tive input current. At high currents the level detector 
switches from “1” to “O” during the negative half cycle in- 
put. 


The lower circuit (Z) generates a symmetrical square wave 
at low currents. At no current it has a “1” output. The cir- 
cuit is similar to the X circuit. P3 is much larger than R3 
and R8 much larger than R9 to provide a high gain and a 
low level detector switching voltage. Square wave detection 
is accomplished with the operational amplifier timing cir- 
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cuit whose output is D. Resistor R11 should be greater than 
R10 so that the capacitor (C) discharge rate is less than the 
charge rate. With no square wave (i.e. no current), than ca- 
pacitor C will remain fully charged causing the level detec- 
tor following it to remain switched in the low state. How- 
ever, if a square wave exists, then the zero transitions slow 
capacitor C to discharge below the level detector threshold, 
causing output D to become “‘1”’. When the square wave be- 


comes “‘1” during the opposite half cycle the charge rate of 
(R11) (C) is high enough to prevent further switching of the 


level detector providing a square wave exists. 
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I. INTRODUCTION 


The sporadic damped phenomena that occur in electrical 
systems are generally described as transients and surges.* 
For any disturbance in an electrical circuit, such as the open- 
ing or closing of a switch or a breaker, the associated 
damped transients may be either oscillatory or uni- 
directional. Surges also appear as traveling waves with a dis- 
tinct propagation velocity. In such cases, wave reflections 
may produce voltages substantially greater than the forcing 
voltage that initiated the phenomenon. Lightning surges 
must be considered as well. With rare exception, however, 
experience indicates that only high voltage systems need be 
protected against lightning. 


From a relaying standpoint, the effect of transients and 
surges on secondary control circuits is of principal impor- 
tance. Primary transients affect secondary circuits through 
common electrical connections, such as ‘‘ground” circuits, 
through electrostatic or electromagnetic induction, as well 


as through current transformers and voltage transformers. 


1.A. Electrostatic Induction 


A simplified version of electrostatic pickup is shown in Fig- 
ure 4-1. An error signal is introduced introduced into the 
“signal lead” via the mutual coupling capacitance Cu: The 
magnitude of the coupled voltage, Vip is Cyl(Cyy + Co) 
per unit of vy as long as Ry and Rg are very high. Va is 
the effective noise voltage, and Rr is the effective load re- 
sistance of the noisy lead. The lower RL and Rg are, the 
lower the transient voltage. If Ry and Rg are so low that 
their effect predominates, the voltage on the signal lead be- 
comes R7Cy (dV,,/dt),** where Ry is the parallel equiv- 
alent of Ry, and Rg, and dV,,/dt is the rate of change of the 
noise voltage. The voltage on the signal lead cannot, how- 
ever, exceed Cyl(Cy + Cg) per unit, regardless of the rate 
of change of the noise voltage. 


In such systems as those used in solid-state relaying, where 
negative—rather than ground--is the ‘““common,” the equiva- 
lent circuit is that shown in Figure 4-2a. The basic circuit is 
rearranged in Figure 4-2b. 


*In this book, the two terms are considered synonymous and will be 
used interchangeably. In some references, however, transients refer 
to those phenomena related to lumped system parameters; surges 
tefer to those phenomena related to distributed parameters. 


**This equation is highly simplified. 
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Noisy Lead 


Ground 
False 
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Figure 4-1: Equivalent Circuit for Electrostatic Induction With 
Common Ground Return. 


Noisy Lead 


Figure 4-3: Electromagnet Induction. 


Cee 


Ground 
a) Basic Schematic 
Noisy Lead 


Ground 


b) Rearrangement of The Basic Circuit of a). 


Figure 4-2: Equivalent Circuit for Electrostatic Induction Without Figure 4-4: Transposing The Signal Circuit to Minimize 
Common Ground Return. Electromagnet Induction. 
1.B. Electromagnetic Induction Differential-mode surges produce voltage on a pair of con- 


ductors in the same way as does a legitimate signal. Differ- 
Figure 4-3 illustrates electromagnetic pickup. Flux-linking ential-mode signals are illustrated in Figures 4-1, 4-2, 4-3, 
of the signal pair, resulting from current flow in an adjacent 4-8, and 4-9. 
circuit, induces a false signal voltage. The total induced 


loop voltage is MdI/dt, where M is the effective mutual im- Common-mode surges produce equal voltages on a pair of 
pedance between the two circuits, and dI/dt is the rate of conductors, with respect to some common references. 
change of current I. Transposing the signal circuit will re- Common-mode surges are generated as shown in Figure 4-7. 
duce the induced voltage, as shown in Figure 4-4. Common-mode voltage is also produced by the circuit 
shown in Figure 4-2, if Cun equals Cur and Coy equals 
1.C. Differential and Common-Mode Classifications Ca: 
Surges can be classified into two modes: differential (also Differential-mode surges are more likely to produce misop- 
known as normal or transverse) and common (also known eration of equipment, while common-mode surges are more 


as longitudinal). likely to produce dielectric failure. (Note also that purely 


common-mode surges, when applied to unbalanced circuits, 
will produce a differential-mode component and vice versa.) 


Il. TRANSIENTS ORIGINATING IN THE HIGH 
VOLTAGE SYSTEM 


ILA. Capacitor Switching 


Primary circuit transients are frequently generated by capac- 
itor switching and are substantially more severe when inter- 
ruption is accompanied by restriking. 


I.A.1. Single-Bank Capacitor Switching 


Figure 4-5 demonstrates what happens when a capacitor 
bank is energized by closing a switch. A high frequency, 
high magnitude current, I, flows. The capacitance of the 
bus and the connected apparatus cause the same phenome- 
non to occur when a bus section is energized. Unless pre- 
cautions are taken to avoid transients, such switching can 
cause 5-to-6-kV peaks in secondary circuits. 


Figure 4-6 illustrates what happens if restriking occurs when 
a capacitive current is interrupted. 


At the instant of interruption (current zero), full voltage, 
Vo. is trapped on the capacitor bank. This voltage cannot 
change unless further current flows. The source voltage, 
Vp however, continues to vary sinusoidally. If the inter- 
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Figure 4-5: Transients Generated by Energizing a Capacitive 
Circuit. 
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ruption cannot support the recovery voltage, a restrike oc- 
curs and current flows again. (The recovery voltage is 

Vo - Vp The most unfavorable instant of restriking is 
shown in Figure 4-6. With continuity reestablished, Vo 
equals VB In the process of equalization, considerable 
overshoot occurs, and both Vp and Vc approach three 
times normal line-to-neutral peak voltage. The current flow, 
immediately following the restrike, is also very high. The 
current oscillates at the natural frequency of the circuit and 
decays with time, as governed by the circuit time constant. 


IIl.A.2. Back-to-Back Capacitor Switching 


Back-to-back capacitor switching consists of the energiza- 
tion of one bank of capacitors with an adjacent and previ- 
ously energized bank. Back-to-back capacitor switching is 
much like energization of a single bank, except that the ef- 
fective inductance is generally very much lower. The capac- 
itance, on the other hand, is only somewhat lower, since it 
ts the series combination of the bank capacitance and the 
capacitance of the unit or units energized before the switch 
was closed. For these reasons, the magnitude and frequency 
of the current are generally much higher for back-to-back 
energization than for single-bank energization. 


II.B. Bus De-energization 


Bus dropping is similar to capacitor bank de-energization, ex- 
cept the capacitance, C, is very much smaller. Current mag- 
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Figure 4-6: Transients Generated by Opening a Capacitive Circuit. 


common-mode surges, when applied to unbalanced circuits, 
will produce a differential-mode component and vice versa.) 
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itor switching and are substantially more severe when inter- 
tuption is accompanied by restriking. 


ILA.1. Single-Bank Capacitor Switching 


Figure 4-5 demonstrates what happens when a capacitor 
bank is energized by closing a switch. A high frequency, 
high magnitude current, I, flows. The capacitance of the 
bus and the connected apparatus cause the same phenome- 
non to occur when a bus section is energized. Unless pre- 
cautions are taken to avoid transients, such switching can 
cause 5-to-6-kV peaks in secondary circuits. 


Figure 4-6 illustrates what happens if restriking occurs when 
a capacitive current is interrupted. 


At the instant of interruption (current zero), full voltage, 
Vos is trapped on the capacitor bank. This voltage cannot 
change unless further current flows. The source voltage, 
Vp however, continues to vary sinusoidally. If the inter- 
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Figure 4-5: Transients Generated by Energizing a Capacitive 
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ruption cannot support the recovery voltage, a restrike oc- 
curs and current flows again. (The recovery voltage is 

Vo - Vp The most unfavorable instant of restriking is 
shown in Figure 4-6. With continuity reestablished, Vo 
equals VR: In the process of equalization, considerable 
overshoot occurs, and both Vp and Vo approach three 
times normal line-to-neutral peak voltage. The current flow, 
immediately following the restrike, is also very high. The 
current oscillates at the natural frequency of the circuit and 
decays with time, as governed by the circuit time constant. 


II.A.2. Back-to-Back Capacitor Switching 


Back-to-back capacitor switching consists of the energiza- 
tion of one bank of capacitors with an adjacent and previ- 
ously energized bank. Back-to-back capacitor switching is 
much like energization of a single bank, except that the ef- 
fective inductance is generally very much lower. The capac- 
itance, on the other hand, is only somewhat lower, since it 
is the series combination of the bank capacitance and the 
capacitance of the unit or units energized before the switch 
was closed. For these reasons, the magnitude and frequency 
of the current are generally much higher for back-to-back 
energization than for single-bank energization. 


II.B. Bus De-energization 


Bus dropping is similar to capacitor bank de-energization, ex- 
cept the capacitance, C, is very much smaller. Current mag- 
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Figure 4-6: Transients Generated by Opening a Capacitive Circuit. 
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nitude is also generally smaller, and the frequency is higher. 
Where a simple disconnect is used to drop the bus, the non- 
linearity and prolonged existence of the restriking arc cause 
significant electrical noise. These characteristics together 
with the large voltages and currents that accompany re- 
strikes, produces one of the most severe surge influences in 
a substation. Surges of up to 8 kV have been measured in 
secondary circuits during disconnect arcing. 


II.C. Transmission Line Switching 


Transmission line switching is also similar to capacitor bank 
switching, except for the distributed nature of the induct- 
ance and capacitance of the line. The inrush current tends 
to be substantially less than that for capacitor bank switch- 
ing. Frequency is inversely proportional to the length of 
the transmission line. 


II.D. Coupling Capacitor Voltage Transformer (CCVT) 
Switching 


These transformers contain capacitance voltage-dividing 
networks. After energization, de-energization, and restrik- 
ing, they are subjected to the same high frequency, high 
current phenomenon experienced in the other cases of 
lumped capacitance switching. Even in a well-designed 
capacitance/voltage transformer, there is perceptible capac- 
itance between the high voltage and low voltage windings 
(Figure 4-7). At the high frequencies associated with ca- 
pacitor device switching, the impedance of this capacitance 
will be small. A surge voltage is developed during disconnect 
restriking around the path 2-8-p-q-x or y, and is roughly 
equivalent to L di/dt - M di/dt + Rj. (L and R are the induct- 
ance and resistance of the ground lead of the voltage device, 
and M is the mutual impedance between the ground lead and 
the voltage leads.) If M equals L, the total surge voltage re- 
duces to Rj. In practice, M can never equal L, but it will ap- 
proach it if the potential leads are placed as close as possible 
to the ground lead. This arrangement will lessen the tran- 
sient voltage between the voltage leads and ground. 


Since voltage transformers are inductive devices, they are not 


subject to this phenomenon. 


ILE. Other Transient Sources 


Many other switching-type operations generate transients: 
unequal-pole-closing of a circuit breaker, fault occurrence, 


High Voltage 
Disconnecting 


Switch , 
ps High Voltage Circuit 


Capacitance Between 
High and Low 
Voltage Windings Secondary 


| Circuit 


Power 4 


System 


Current Following 
Restrike 


Shield 
( 


oo Voltage Leads 


To Control 
House 


Surge Voltage 
Measured Here 


Figure 4-7: Surge in Secondary Leads During Disconnect Switch 
Restriking on a Capacitance Voltage Transformer. 


fault clearing, load-tap-changing, line reactor de-energization, 
series capacitor gap flashing and reinsertion, and so forth. In 
general, the peak magnitude of such transients is substan- 
tially less than for the phenomenon described above. 


Ili. TRANSIENTS ORIGINATING IN THE LOW 
VOLTAGE SYSTEM 


III.A. Direct-Current Coil Interruption 


During interruption of an inductive circuit, such as a relay 
coil, the L di/dt effect may produce a large voltage across 
the coil (Figure 4-8). In general, the voltage will be greatest 
at the instant of interruption. Voltage magnitude will gener- 
ally be independent of the supply circuit characteristics and 
will equal the difference between the extinction voltage of 
the interrupting contact and the battery voltage. The surge 
voltage increases as a function of the speed with which the 
interruption forces current zero. While voltages in excess of 
10 kV have been generated across 125-volt coils in labora- 
tory tests, 2.5 kV is a more typical value. 


II.B. Direct-Current Circuit Energization 


Energizing a circuit that is capacitively coupled to adjacent 
or nearby circuits can produce a transient in the latter cir- 


cuits (Figure 4-9). When switch 1 is closed, VR appears asa 
false signal across the effective resistance of the adjacent cir- 
cuit. Initially, full battery voltage appears across the coupled 
circuit. This voltage then decays exponentially, in accord- 
ance with the RC time constant. 
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Figure 4-8: Transients Produced by Interruption of an Induction 
Circuit. 
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Figure 4-9: Transients Produced in Adjacent Circuits by dc Circuit 
Energization. 


III.C. Current Transformer Saturation 


Current transformer saturation, which may produce very 
high secondary voltage, is caused by high primary current, 
poor current transformer quality, or excessive burden. The 
surge repeats during each transition from saturation in one 
direction to saturation in the other. The voltage appearing 
at the secondary consists of high magnitude (possibly sev- 
eral kV) spikes with alternating polarity that persist for a 
few milliseconds every half-cycle. 


III.D. Grounding of Direct Current 


When a ground occurs on the dc the distributed and lumped 
capacitance of a system may cause sensitive devices to oper- 
ate. Figures 4-10 and 4-11 illustrate trip circuit behavior in 
the event of an accidental ground. Comparable phenomena 
can cause sensitive close circuits and tripping relays to mal- 

function. 
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Figure 4-10: Accidental Ground on Battery Positive. 


IV. PROTECTIVE MEASURES 
IV.A. Separation 
IV.A.1. Physical Separation 


Noise in critical circuits can be controlled effectively by 
physically separating quiet and noisy circuits. Since mutual 
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Figure 4-11: Accidental Ground on Trip Lead. 


capacitance and mutual inductance are inverse logarithmic 
functions of distance, small increases in distance produce 
substantial decreases in circuit interaction. 


Similarly, control circuits should be routed perpendicular to 
noisy circuits. For example, a cable duct should be run per- 
pendicular to a high voltage bus. Another way of effectively 
controlling surge is to group circuits with comparable sensi- 
tivities. Low-energy-level circuits, especially, should be 
grouped together and placed as far as possible from power 
circuits. 


IV.A.2. Electrical Separation 


Circuits can, of course, also be separated electrically. For 
example, surges can be controlled by discriminate applica- 
tion of inductance to block conduction of high frequency 
transients into protected regions. This principle is illus- 
trated by the choke shown in Figure 4-12. Any transient 
that raises the anode potential of the thyristor also raises 
the cathode potential through the action of the two-winding 
reactor. This action prevents the thyristor from turning on. 


Transformer isolation (Figure 4-13) puts an effective com- 
mon-mode barrier between segments of a system. High ca- 
pacitance from each winding to ground and low capacitance 
from winding to winding further reduce common-mode inter- 
action between windings. 
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Figure 4-12: Choke Coil Applied for Differential Mode Rejection 
for Trip Thyristor. 
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Figure 4-13: Transformer Isolation for Common Mode Voltage. 


IV.B. Suppression at the Source 
IV.B.1. Resistor Switching 


Transient voltages can be kept comparatively low by equip- 
ping disconnects and circuit breakers with resistors that are 
inserted during operation of the device. For reasons of 
economy, this arrangement is occasionally used to restrict 
surge level in substations. 


IV.B.2. Parallel Clamp 


The surge associated with coil interruption can be virtually 

eliminated by paralleling the coil with a zener diode. Where 
an extended drop-out time is undesirable, a varistor may be 
substituted for the zener diode arrangement. Although the 
varistor allows a higher surge than does the zener diode, its 

limiting action is satisfactory. 


The zener diode, Z), in Figure 4-14 performs a dual surge 
function. First, it minimizes the inductive “kick” produced 
by the de-energization of the auxiliary coil. Also, when the 


101T contact manually trips breaker A, the voltage induced 
in TC-2 by the interruption of current flow in TC-1 (caused 
by 52a-1 opening) cannot cause the auxiliary relay to pick 
up undesirably. Neither the late opening of 52a-2 nor the 
presence of current path I will have any effect. Zener Z, 
will allow forward voltage of only approximately 0.7 V, 
which is insufficient to operate the auxiliary relay. This 
scheme prevents undesirable tripping of breaker B. 
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Figure 4-14: Zener Z1 Applied for Surge Suppression. 


The surge associated with extreme ac saturation of a current 
transformer can also be squelched by introducing a voltage- 
limiting device across the secondary. Silicon carbide devices 
can be used in this protective function. 


IV.C. Suppression by Termination 


Figures 4-1, 4-2, 4-3, and 4-9 illustrate the value of reduced 
input impedance, Ry; in restricting the magnitude and/or 
duration of transients. However, if Ry is reduced, the en- 
ergy requirement for operation is increased, and more heat 
is generated when legitimate inputs are applied. 


Asmall capacitor offers another method of reducing input 
impedance at high frequency, with little effect at 50 or 60 
Hz or ondc. This device neither requires a higher input en- 
ergy for operation nor generates heat. One such widely 
used capacitor is the Surge Protective Package (SPP), a 
0.5-uF, 1500-Vde, oil-filled type. This capacitor limits a 
2500-V, 1-MHz surge, with 150-ohm source, to less than 

35 V. Short leads to the capacitor are imperative, and 
terminal-block mounting at the panel entry points is rec- 
ommended. 


Where sensitive relays, trip circuits, and close circuits exist 
in a substation, the capacitance on the dc must be restricted 
if false operations are to be avoided when a ground occurs. 
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Gapped capacitors will both isolate the capacitance from 
the dc and still function for surge suppression. When a 
surge voltage in excess of the gap breakdown level is ap- 
plied, the capacitor is able to perform its limiting function. 


IV.D. Suppression by Shielding 


A signal lead shielded with one or more grounds will have 
increased capacitance to ground, Co, (Figure 4-1). For 

high Rg and Ry values, this increase in capacitance to 
ground reduces the “‘false” signal voltage, Vi> which results 
from the presence of an adjacent noisy lead. Ifa shield 
were used in Figure 4-2, it would surround the signal lead 
and the common negative and would be grounded in one or 
more locations. This arrangement tends to force Cui/Cc1 
to equal Cu2/Cer> and any capacitively induced signal volt- 
age across Rp to be zero. 


Grounding a shield at both ends allows shield current to 
flow. Shield current resulting from magnetic induction will 
tend to cancel the flux that created it. The net effect of the 
shield on the signal lead is to reduce the noise level. 


IV.E. Suppression by Twisting 


Measures that cause the signal and return leads to occupy es- 
sentially the same space minimize the effect of differential- 
mode coupling (Figure 4-4). As shown by the polarity 
marks, twisting a pair of leads cancels the effect of adja- 
cent circuit flux. Also, twisting the signal lead and negative 
causes Cul to equal Cur and Coy to equal Cer (Figure 
4-2). This technique substantially reduces the influence of 
the adjacent noisy lead. 


A combination of shielding and twisting effectively mini- 
mizes the influence of surges in adjacent circuits. For cir- 
cuits properly treated with SPP capacitors at the terminal 
blocks, shielding is not required for Westinghouse static re- 
laying circuits inside a panel or switchboard. Shielded 
twisted pair conductors are required for low-energy-level 
circuits routed outside a panel. 


One lead of the shielded twisted pair is normally the signal 
lead. The other lead (except where it is sensing contact 
status) connects the negatives of the two devices. Within a 
panel, electrostatic coupling is the only significant inter- 
circuit transient influence. A single ground on the shield, 
therefore, is sufficient. For consistency, ground should be 
at the input end. 


IV.F. Radial Routing of Control Cables 


Circuits routed into the switchyard from the control house 
should not be looped from one piece of switchyard appara- 
tus to another with the return conductor in another cable. 
Rather, all supply and return conductors should be in a 
common cable. This arrangement avoids the large EMI 
(electromagnetic induction) associated with the large flux 
loop that would otherwise be produced. 


IV.G. Buffers 


Another effective method of delaying and desensitizing a 
circuit is to use a buffer (Figure 4-15 and Figure 3-49). 
Without energizing the transistor or damaging any element, 
this buffer can accommodate a test source operating at 1 to 
1.5 MHz with a 150-ohm source impedance directly across 
the input (differential mode) and a 2500-V (open circuit) 
first peak, which decays to 1250 V in 6 or more micro- 
seconds. The buffer can also withstand a sustained 7-Vdc 
input, or a high dc input voltage of sufficient duration to 
produce a minimum 4000 microsecond-volt product (for 
example, 20 V for 200 us). 


Buffering low-energy-level circuits greatly decreases the sus- 
ceptibility of static relays to surge damage or malfunction 
and, in general, eliminates the need for shielding circuits in- 
side a relaying panel. 


IV.H. Increased Energy Requirement 


Surges can also be endured by raising the threshold voltage 
or energy level at which operation occurs. The equivalent 
circuits of Figures 4-10 and 4-11 show that half-maximum 
battery voltage, applied through the appropriate capaci- 
tance, must not be allowed to trip the breaker or operate 
any other devices. An auxiliary relay designed to pick up 
at 71 V, or more will not respond to a single ground on a dc 
circuit with a maximum operating voltage of 140 V, regard- 
less of the magnitude of the capacitances on the system. 
(Note that the higher voltage design will not solve the prob- 
lem shown in Figure 4-9: the higher energy level restriction 
will.) 
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Figure 4-15: A Standard Input Buffer Circuit for Solid State 
Relays. 
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I. INTRODUCTION 


Instrument transformers are used both to protect personnel 
and apparatus from high voltage and to allow reasonable in- 
sulation levels and current-carrying capacity in relays, me- 
ters, and instruments. Instrument transformer performance 
is critical in protective relaying, since the relays are only as 
accurate as the instrument transformers. In the United 
States, standard instrument transformers and relays are 
rated at 5 Amp and/or 120 Volts, 60 Hz. 


Where the relays operate only on current or voltage magni- 
tude, the relative direction of current flow in the trans- 
former windings is not important. Relative direction (and, 
therefore, polarity) must be known, however, where the 
relays compare the sum or difference of two currents or the 
interactions of several currents or voltages. The polarity is 
usually marked on the instrument transformer but can be 
determined if necessary. 


Il. CURRENT TRANSFORMERS 


The major criteria for selecting a current transformer ratio 
are the continuous current ratings of the connected equip- 
ment (relays, auxiliary current transformers, instruments, 
etc.) and of the secondary winding of the current trans- 
former itself. In practice, with load current normally flow- 
ing through the phase relays or devices, the ratio is selected 
so that the secondary output is around 5 Amp at maximum 
primary load current. Where delta-connected current trans- 
formers are used, the V3 factor must be included. 


Although the performance required of current transformers 
varies with the relay application, high quality transformers 
should always be used. The better-quality transformers re- 
duce application problems, present fewer hazards, and gen- 
erally provide better relaying. The quality of the current 
transformers is most critical for differential schemes, where 
the performance of all the transformers must match. In 
these schemes, relay performance is a function of the accu- 
racy of reproduction—not only at load currents, but at all 
fault currents as well. 


Some differences in performance can be accommodated in 
the relays. In general, the performance of current trans- 
formers is not so critical for transmission line protection. 
The current transformers should reproduce reasonably 
faithfully for faults near the remote terminal, or at the bal- 
ance point for coordination or measurement. 


For large-magnitude, close-in faults, the current transformer 
may saturate; however, the magnitude of fault current is 
not usually critical to the relay. For example, an induc- 
tion overcurrent relay may be operating on the flat part of 
the curve for a large-magnitude, close-in fault. Here it is 
relatively unimportant whether the current transformer 
current is accurate, since the timing is essentially identical. 
The same is true for instantaneous or distance-type relaying 
for a heavy internal fault well inside the cut-off or balance 
point. In all cases, however, the current transformer should 
provide sufficient current to operate the relay positively. 


IL.A. Equivalent Circuit 


An approximate equivalent circuit for a current transformer 
is shown in Figure 5-1. Current is stepped down in mag- 
nitude through the perfect (no-loss) transformation pro- 
vided by windings ab and cd. The primary leakage imped- 
ance (Zp) is modified by n2 to refer it to the secondary. 
The secondary impedance is Zy3 Rm and Xm represent the 
core loss and exciting components. 
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Figure 5-1: The Equivalent Circuit and Phasor Diagram of a 
Current Transformer. 


This generalized circuit can be further reduced, as shown in 
Figure 5-1b. Zy can be neglected, since it influences nei- 
ther the perfectly transformed current Iy/n nor the voltage 
across Xm. The current through Xm, the magnetizing 
branch, is L., the exciting current. 


The phasor diagram, with exaggerated voltage drops, is 
shown in Figure 5-1c. In general, Z is resistive. I, lags 


Ved by 90° and is the prime source of error. Note that the 
net effect of I, is to cause I, to lead and to be smaller than 
the perfectly transformed current Ly/ n, 


Any simple equivalent diagram for a current transformer is, 
at best, crude. Exciting current is accompanied by har- 
monics which, in turn, produce harmonic relay currents. 
An analysis for application purposes is usually made on the 
basis of sinusoidal fundamental quantities. While this ap- 
proach is highly simplified, the equivalent diagram is an ex- 
cellent tool for picturing the phenomenon and estimating 
the approximate performance to be expected. 


IL.B. Estimation of Current Transformer Performance 


A current transformer’s performance is measured by its 
ability to reproduce the primary current in terms of the 
secondary; in particular, by the highest secondary voltage 
the transformer can produce without saturation and, con- 
sequently, large errors. Current transformer performance 
can be estimated by: 


a. formula 
b. the current transformer excitation curves 
c. the ANSI transformer relaying accuracy classes. 


The first two methods provide accurate data for analysis; 
the latter gives only a qualitative appraisal. All three 
methods require determining the secondary voltage, Ved 


that must be generated. 
Ved = Vs. 
ae te (Z, + Zieaa + Zp) (5-1) 


where Vs = the rms symmetrical secondary induced 


voltage (Figure 5-1) 


I =the maximum secondary current, Amp 
(symmetrical)* 


ZR = the connected external impedance 
Zy =the secondary winding impedance 


Ziead =the connecting lead burden. 


*I_ can be estimated by dividing the known maximum fault current 
by the selected current transformer ratio. 


I].A.1. Formula Method 


The formula method uses the fundamental transformer 
equation: 


re -8 
V, = 4.44 fANB ax !0 Volts (5-2) 
where f = frequency in Hz 


A = the cross-sectional area of the iron core, 
in? 


N = number of turns 


Divas = flux density, lines/in?. 

Both the cross-sectional area of the iron and its saturation 
density are sometimes difficult to obtain. Current trans- 
formers generally use silicon steels, which saturate from 
77,500 to 125,000 lines/in2. The lower figure is typical for 
current transformers built before 1947; a value of 100,000 
is typical of modern transformers. Modern Westinghouse 
transformers use Hipersil, a high-permeability silicon steel. 


The formula method consists of determining Ve using 
Equation (5-1), then calculating Baa 
if Bray exceeds the saturation density, there will be appre- 
ciable error in the secondary current. 


Assume, for example, that a 2000:5, high-permeability 
silicon steel transformer has 3,1 in* of iron and a secondary 
winding resistance of 0.31 ohm. The maximum current for 
which the current transformer must operate is 40,000 Amp 
at 60 Hz. The relay burden, including the secondary leads, 
is 2,0 ohms. Will this current transformer saturate? 


If the current transformer does not saturate, the secondary 
current, I would be 40,000 divided by 400, or 100 Amp, 
since N equals 400. Thus, the current transformer should 
be able to produce a secondary voltage, Ves of 100(2.0 + 
0.31), or 231 Volts. Equation (5-2), solved for Bases will 
determine whether the current transformer can reproduce 


this current: 


iio Sn = Dae 
max 4.44 x 60 x 3.1 x 400 


= 70,000 lines/in” (5-2) 


using Equation (5-2). 
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Therefore, the current transformer should have iron that 
will not saturate below 70,000 lines/in2. Since the current 
transformer in this example uses high-permeability silicon 
steel, it will not saturate. 


I1.B.2 Excitation Curve Method 


A typical excitation curve for a current transformer is 
shown in Figure 5-2. These data represent rms currents ob- 
tained by applying rms voltage to the current transformer 
secondary, with the primary open circuited. The curve 
gives the approximate exciting current requirements for a 
given secondary voltage. 
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Figure 5-2: Exitation Curves for a Multiratio Bushing Current 
Transformer With an ANSI Accuracy Classification 
of €100. 


Using this method, a curve relating primary current to sec- 
ondary current can be developed for the tap, lead length, 
and burden being used (Figure 5-3). Any value of primary 
current can then be entered on the curve to determine the 
expected value of secondary current. 


Iy 


Notes: 


a) Assume I, 
b) Vg = t, Z7 Where Z7 = 
2, + Z Leads + Z Burden 


c) Find le from Curve 
d) (IL + tejn = Ty 
e) Repeat and Plot Curve 


Figure 5-3: 


The following examples will illustrate some of the prob- 
lems encountered in estimating current transformer per- 
formance using the excitation curve method. 


Example #1: Phase Relays 


The breaker has a multi-ratio 600:5 bushing current trans- 
former and the feeder is protected with overcurrent relays. 
The relays should operate for approximately 60 Amp rms 
symmetrical primary current. The total burden on the cur- 
rent transformer, including the current transformer second- 
ary resistance, is 1.6 ohms per phase when the relays are on 
the 6-Amp tap and 3 ohms per phase on the 3-Amp tap. 
The excitation curve for the transformer is shown in Figure 
5-2. 


One approach would be to use a current transformer ratio 
of 60:6, or 10 (the 50:5-tap), to take advantage of the 
lower burden on relay tap 6. 
N = 10 turns 
I, = 6 Amp to operate the relay 
Ve 1,2 total 
=6x 1.6 
=9.6V 
From the excitation curve for Vs, of 9.6 V, I, would be 6 


Amp, and NI, equals 60, Therefore, the primary pickup 
current, Ty 


=NI,+NI, 
= 60+ 60 
= 120 Amp. 


This value is considerably higher than the 60 Amp desired. 
In theory, when making the phasor addition, the angle of 
the burden and the exciting branches should be taken into 
account. This refinement is not necessary, however, since 
it is obvious from the curve of Figure 5-2 whether or not 
the current transformer would be operating in the satu- 
rated region. 


An alternative approach would be to use a ratio of 60:3, or 
20 (the 100:5-tap), with the higher burden of the 3 Amp 
relay tap. Using this ratio, N equals 20, and I, equals 3 Amp 
to operate this relay. 


Vy = IZ total 

=3 x3 

=9 Volts (5-1) 
From the excitation curve (Figure 5-2), I, equals 0.5 Amp, 
and NI, equals 10. The primary pickup current, Tp would 
be: 

=60+ 10 

= 70.0 Amp 
This value is closer, but still too high. 
Now suppose that the breaker has two sets of current trans- 
formers, with the secondaries connected in series. Then 


each current transformer carries one-half the burden, or 
1.54 ohms on the 3-Amp tap.* Using the 100:5-tap, 


N = 20 turns 
I, =3 Amp 
Vo 3x 1.54 


= 4.62 Volts per transformer 


*This value is slightly more than one-half of 3.0 ohms because of 
the secondary resistance of the added current transformer. 
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Then, from Figure 5-2, Neglecting the exciting current dy; this value would be- 

come 20 times 5, or 100 Amp primary, when using the 

I. = 0.33 100:5 current transformer ratio. 

Ground Relays 
NI, = 6.6 

Assuming the ground current flows only in phase a, the 

Ty = 3.x 20+ 6.6 equivalent circuit is shown in Figure 5-5. 

= 66.6 Amp 


While this alternative offers some improvement, ly is not as 
close to the desired 60 Amp as might have been expected. 
In both cases, the current transformer is operating on the 
straight-line part of the characteristic, making significant 
improvement difficult. On the other hand, two 50:5 cur- 
222 0n 


rent transformers in series would show a marked improve- 0.5 Amp Tap 5 Amp Tap 


ment over the 50:5 ratio. Here Ty calculated by the above 

methods, is 71 Amp. While much better than 120 Amp, 
this value is still not as good as the 66.6-Amp pickup ob- 

tained using the two current transformers with 100:5 ratio. 


Figure 5-4: Connections for The Example Number 2 Illustrating 
Calculation of Current Transformer Performance. 


Example #2: Phase and Ground Relays 


The following example, shown in Figure 5-4, will determine 
the minimum primary current that will operate the phase 
relays and the ground relays. 


Phase Relays 
For the phase relays, the total phase burden, Z, equals 0.68 


plus 0.08, or 0.76 ohm, where 0.08 is the current trans- 
former secondary resistance on the 100:5 tap (N=20). 


1, = 5 Amp (to operate the relay on the 5-Amp tap) +— SAmperes 
' N= 20 for Example 
= Equivalent Circuit for Negligible 
| V, =0.76 x5 Current Transformers Lead Resistance 
_ $3 Byclts eS 3 \ Figure 5-5: Equivalent Circuits and Distribution of Currents 


for a Ground Fault With The Connections of Figure 
5-4 in Example Number 2. 


From Figure 5-2, 


To obtain 0.5 Amp through the ground relay, with its im- 
l= 0.28 Amp pedance of 22 ohms, !1 Volts must be produced across the 
ground relay. Neglecting the small unknown voltage across 


ly =N dy + 1,) the phase relays, this ground relay voltage will appear across 
the phase b and c current transformers to excite them from 
= 20 (5 + 0.28) the secondary side. From Figure 5-2, an I, of 0.6 Amp de- 


velops 11 Volts across these current transformers. The ac- 
= 105.6 Amp primary curacy required generally does not warrant correction for 


the small phase relay drop. Such a correction could, how- 
ever, be made on a trial-and-error basis. 


Thus, the phase a relay circuit must supply 0.6 plus 0.6 
plus 0.5, or 1.7 Amp. Given the phase relay of 0.68 ohm 
and the current transformer impedance of 0.08 ohm, or 
0.76 ohm total, the phase a current transformer must sup- 
ply: 


Vo=1l+1.7 x 0.76 
= 12.3 Volts 


1 = 0.8 Amp (from Figure 5-2) 


I= 1.7+0.8 
=2.5 Amp 
Thy = 2.5 x 20 


= 50 Amp primary 


Thus, 50 Amp is required to operate the ground relay. 


Excluding the exciting components of the three current 
transformers, the current required to operate the ground re- 
lay would have been 0.5 times 20, or 10 Amp primary. Us- 
ing the 200:5 tap on the current transformer would im- 
prove sensitivity here. Dramatic improvement would also 
be possible if a modern, low-impedance ground relay were 
substituted. 


II.B.3. ANSI Standard: Current Transformer Accuracy 
Classes 


The ANSI relaying accuracy class, as revised in 1968 (ANSI 
C57.13), is described by two symbols—letter designation 
and voltage rating—that define the capability of the trans- 
former. 


The letter designation code is as follows: 


C—indicates that the transformer ratio can be calculated (as 
for the earlier 1OL type transformers) 


T-—indicates that the transformer ratio must be determined 
by test (similar to the earlier 10H type transformers) 


The C classification covers bushing current transformers 
with uniformly distributed windings, and any other trans- 
formers whose core leakage flux has a negligible effect on 
the ratio within the defined limits. 


The T classification covers most wound-type transformers 
and any others whose core leakage flux affects the ratio ap- 
preciably. 


The secondary terminal voltage rating (Figure 5-6) is the 
voltage that the transformer will deliver to a standard bur- 
den at 20 times normal secondary current, without exceed- 
ing 10 percent ratio error. 


Figure 5-6 shows the secondary voltage capability for vari- 
ous C-class current transformers, plotted against secondary 
current. With a transformer in the C-100 accuracy class, for 
example, the transformer ratio can be calculated, and the 
ratio error will not exceed 10 percent between 1 to 20 
times normal secondary current if the burden does not ex- 
ceed 1.0 ohm (1.0 ohm x 5 Amp x 20 = 100 Volts). 


800 


7001+ Error Will Not Exceed 10% 
for Secondary Voitage Equa! 

to or Less Than Value 

600 Described by Curve 


Secondary Termina! Volts 


oe) 5 10 20 30 40 50 60 70 80 90 100 
Secondary Amperes 


Figure 5-6: ANSI Accuracy Standard Chart for Class C Current 
Transformers. 


ANSI accuracy class ratings apply only to the full winding. 
Where there is a tapped secondary, a proportionately lower 
voltage rating exists on the taps. 


The following current transformer data, required for relay- 
ing service application, should be supplied by the manufac- 
turer: 


a. Relaying accuracy classification. 


i 


b, Mechanical and thermal short-time (1 second) ratings. 
Both ratings define rms values that the transformer is 


capable of withstanding. For mechanical short-time 


ratings, the rms value is that of the ac component of a 
completely displaced primary current wave. The ther- 


mal Isec rating is the rms value of the primary current 
that the transformer will withstand with the secondary 


winding short circuited, without exceeding the limiting 
temperature of 250°C for 55°C-rise transformers, or 
350°C for 80°C-rise transformers. The short-time ther- 
mal current rating for any period of 1 to 5 sec is deter- 


mined by dividing the lsec current rating by the square 


root of the required number of seconds. 


Resistance of the secondary winding between the wind- 


a 


ing terminals. Data should be presented in a form that 


Times Normal Secondary Current 


allows the value for each published ratio to be deter- 


mined, ° 2 4 6 8 10 2 4 +6 1&8 20 2 
Times Normal Primary Current 


Figure 5-7: Typical Overcurrent Ratio Curves for a T Class 
. For class-C transformers, the manufacturer should also 2 Scans Transformer. 


Qa 


supply typical excitation curves on log-log coordinate 
paper. The plot should show excitation current and sec- 
ondary terminal voltage for each published ratio from 1 
percent of the accuracy class secondary terminal voltage 
to a voltage (not to exceed 1600 Volts) that will cause 
an excitation current of 5 times normal secondary cur- Standard burdens are listed in Table 5-l. 
rent (Figure 5-2). 


Np = turns in use divided by total turns 


Vcl = current transformer voltage class 


For class-T transformers, the manufacturer should sup- Table 5-1 
ply typical overcurrent ratio curves on rectangular co- 
ordinate paper. The plot should be between primary 
and secondary current, over the range [rom lfo 27 
tines normal current, ror ad standard burdens up vo the 


one that causes a ratio error of 50 percent (Figure 5-7). 


Standard Burden Designations 


Characteristics 
for 60-Hz and 5-Amp 
The ANSI standard effectively defines a permissible 50% Secondary Current 
power factor burden for a Class-C current transformer. 
These standard ohmic burdens are identified in Figure 5-6. Standard 
When fewer than the total number of turns are in use on Burden Impedance Volt- Power 
. Designation (ohms) amperes Factor 
the current transformer, only a portion of that burden can 
be supplied without exceeding the 10 percent error. Per- 25 
missible burden is defined mathematically by: ; 50 
Np Vcl 
ZR = (5-3) ; 200 
100 

where 


B-0.1, B-0.2, and B-0.5—in the standard but not shown 


Zp = permissible burden on the current transformer here—are the Standard Metering Burdens. 
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The following example shows current transformer calcula- 
tions using ANSI classifications. The maximum calculated 
fault current for a particular line is 12,000 Amp. The cur- 
rent transformer is rated at 1200:5 and is to be used on the 
800:5 tap. Its relaying accuracy class is C200 (full-rated 
winding); secondary resistance is 0.2 ohm. The total sec- 
ondary circuit burden is 2.4 ohms at 60-percent power 
factor. Excluding the effects of residual magnetism and 

dc offset, will the error exceed 10 percent? If so, what 
corrective action can be taken to reduce the error to 10 


percent or less? 


The current transformer secondary winding resistance may 
be ignored because the C200 relaying accuracy class desig- 
nation indicates that the current transformer can support 
200 volts plus the voltage drop caused by secondary resist- 
ance at 20 times rated current, for 50 percent power-factor 
burden. The ct secondary voltage drop may be ignored 
then if the secondary current does not exceed 100 Amp. 


The permissible burden is given by: 


Np Vel 
Bo 100 O) 
800 
Np = —— 
P” 1200 
= 0.667 (proportion of total turns in use) 
Thus, 
z= 0.667(200) 
B 100 
= 1.334 ohms 


Since the circuit burden, 2.4 ohms, is greater than the 
calculated permissible burden, 1.334 ohms, the error 

will be in excess of 10 percent at all currents from 5 to 100 
Amp. Consequently, it is necessary to reduce the burden, 


use a higher current transformer ratio, or use a current 
transformer with a higher voltage class. 


ILC. Direct Current Saturation 


To this point, current transformer performance has been 
discussed in terms of steady-state behavior only, without 
considering the dc component of the fault current. Actu- 
ally, the dc component has far more influefice in producing 
severe saturation than the ac fault current. The dc compo- 
nent arises because (1) the current in an inductance cannot 
change instantaneously and (2) the steady-state current, be- 
fore and after a change, must lag (or lead) the voltage by 
the proper power-factor angle. 


Figure 5-8 shows the current immediately following fault 
inception for two cases: fully offset and no offset. In the 
fully offset case, the fault is assumed to occur at the in- 
stant that produces the maximum dc component. In the 
second case, the fault occurs at a time that produces no dc 
offset. 


Figure 5-9 shows an example of the distortion and reduc- 
tion in the secondary current that occurs as a result of dc 
saturation. 


If VK > 6.28 IRT, the dc component of a fault current 
will not produce current transformer saturation. In this ex- 
pression: 


VK = voltage at the knee of the saturation curve, deter- 
mined by extending the straight line portions of 
the curve 


I = symmetrical secondary current (Amp rms) 


R = total secondary resistance 


T = dc time constant of the primary circuit in cycles. 
T = (Lp/Rp)f, 
where, 


Lp = primary circuit inductance 


Rp = primary circuit resistance 


f = frequency. 


bad 
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quires substantially greater flux than that needed to satisfy 
the ac component. 


Dc Component 


Dc Component= 


Total Current = 
iFigtit 


apes 
ig TE T Ac Component= 
é igs=—ICOS wt i 


‘N 
J Fault Occurs a) Current Wave With Maximum Assymmetry 


Fully Offset 


Thru Resistance Qc, 


] 2 


b) Voltage Wave Required to Force Ac Component 
Through Secondary Resistance. 


= Load Current 
= Fault Current 
= Voltage 


Thru Resistance Ot, 


~— Fault Occurs 
b) No Offset 


1 2 
Figure 5-8: Current Immediately After Fault Inception. c) Voltage Wave Required to Force Dc Component 
Through Secondary Resistance. (Full Scale). 


Oey 


I Secondary 
Without Saturation 1 Secondary 
With Saturation 


1 
d) Flux Variation to Induce Voltage Wave (b). 


3r 
Or 


Figure 5-9: Dc Saturation of Current Transformer. 


° 
0 1 2 


: : . . ree : Flux Variation to Induce Voltage Wave (c) (Full Scale). 
Direct current saturation is particularly significant in bus 


differential relaying systems, where highly differing cur- 
rents flow to an external fault through the current trans- 
formers of the various circuits. Dissimilar saturation in any 
differential scheme will produce operating current. 


Figure 5-10 shows how current transformer saturation re- 


lates to time. Severe current transformer saturation will 
P - : 3 z , a f) Total Flux Variation 
occur if the primary circuit dc time constant is sufficiently 


long and the dc component is sufficiently high. Curves d, ; ; ; 
Figure 5-10: Current Transformer Flux During Assymmetrical Fault. 


e, and f of Figure 5-10 show that the dc component re- (One Cycle Time Constant) 


The time required for a current transformer to reach satu- 
ration flux density can be estimated from Figure 5-11, as 
follows: 


a. From the current transformer excitation curve for the 
tap in use, determine Vy from the intersection formed 


by extending the two straight line segments of the curve. 


Note that both axes must have the same scales as shown. 
b. Calculate VY /IRT. 
c. Obtain t/T from Figure 5-11. 


d. Calculate t, the time to saturate. 


Vy must be modified if residual flux must be considered. 
For example, with a residual flux of 90 percent, the satu- 
ration voltage value must be multiplied by 1 minus 0.9, or 
0.1, to determine the earliest time to saturation. This will 
give a conservative value for time to saturation. 


0 — re 
/ 
F- 
Saturation Curve 
> Vg Same Scale 
Log - Log 
4 
Te 
| T= Primary Circuit Time Constant, Cycles 
7 t = Time to Saturate, Cycles 
Vk = Threshold Voltage for Saturation, Volts 
| = Symmetrical Secondary Current, Amperes 
t | R = Secondary Circuit Resistance, Ohms 
T le = Exciting Current 
2 
+: Lo ! 
T* 0.434 +910 1 Vk 
2rT .628IRT 
1 Curve Assumes T > 3 Cycles 
See Expanded 
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% 1 2 3 4 5 6 "4 
VK 
IRT 
Figure 5-11a: 
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Figure 5-11b: Current Transformer, Time to Saturate. 


I1.D. Residual Flux 


Any iron-core device will retain a flux level even after the 
exciting current falls to zero. Superimposed on this resid- 
ual flux are variations in core flux, dictated by the current 
transformer secondary current and secondary burden. The 
residual flux may either aid or detract from transient flux 
performance, depending on the relative directions of the 
residual flux and the required flux variation. 


Figure 5-12 shows the importance of previous loading his- 
tory on current transformer residual flux level. Suppose a 
current transformer has a residual flux defined by point 
“a.” If a symmetrical sinusoidal primary current starts to 
flow, requiring a flux variation as shown, the pattern be- 
tween a and A will be traced out. The average value of the 
dc exciting current with this pattern is 1,. This current 
flows in the secondary and has no counterpart in the pri- 
mary. It decays with the time constant associated with the 
secondary circuit. At the completion of this transient, the 
pattern has moved to cC with an equal flux variation that 
is symmetrical around the vertical axis. The pattern con- 
tinues to be traced out. If the circuit were now inter- 
rupted, the residual flux would have the value existing at 
the moment of interruption, which is quite different from 
the initial value assumed. In fact, any value of flux be- 
tween zero and saturation level may be retained in the core, 
depending on previous events. 


Equal Flux 
Variation 


Amperes Exciting Current 


Figure 5-12: Residual Flux in Current Transformer. 


Reducing the residual flux to zero requires the application 
of a secondary voltage high enough to produce saturation, 
followed by a gradual reduction of the voltage to zero. 


A current transformer with an air gap in the core has a 
fairly low residual flux, approximately 10 percent of satu- 
ration density. Residual flux for current transformers with 
no intentional air gap is approximately 90 percent of satu- 
ration density. 


Air-gap current transformers do not saturate as rapidly as 
devices without air gaps subjected to equal current and 
burden. However, the burden capability of air-gap trans- 
formers decreases as the square of the proportion of the 
total winding in use. As a result, the residual flux decays 
very slowly (taking several seconds), and the secondary cur- 
rent collapses slowly after interruption of primary current. 
Also, air-gap units are more costly to manufacture, since 
the small air gap must be both accurate and maintainable. 


While in theory residual flux can cause relaying problems, 
there have been very few documented cases in which the 
residual flux has caused a relay misoperation. 


Il. VOLTAGE TRANSFORMERS AND COUPLING 
CAPACITANCE VOLTAGE TRANSFORMERS 


Voltage transformers (formerly called potential transform- 
ers) and coupling capacitance voltage transformers are se- 
lected according to two criteria: the system voltage level 
and the basic impulse insulation level required by the sys- 


tem on which they are to be used. Two nominal second- 
ary voltages—115 and 120 Volts are allowed for voltage 
transformers; the corresponding line-to-neutral values are 
1 15//3 and 120//3. The applicable voltage depends on 
the primary voltage rating, as given in ANSI C57.13. The 
nominal secondary voltages for coupling capacitance volt- 
age transformers are 115 and 66.4 Volts. 


Most protective relays have standard voltage ratings of 120 
Volts or 69 Volts, depending on whether they are to be 
connected line-to-line or line-to-neutral. 


NI.A. Equivalent Circuit of a Voltage Transformer 


The equivalent circuit of a voltage transformer (VT) is 
shown in Figure 5-13. Since regulation is critical to accu- 
racy, the circuit may be reduced to that shown in Figure 
5-13b. The phasor diagram of Figure 5-13c has greatly ex- 
aggerated voltage drops to emphasize that, for typical trans- 
formers and burdens, the secondary voltage usually lags the 
“perfectly transformed” primary voltage and is deficient in 
magnitude. Typical rated maximum errors for these devices 
are 0.3, 0.6, and 1.2 percent. Voltage transformers have ex- 
cellent transient performance, faithfully reproducing abrubt 
changes in the primary voltage. 
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Figure 5-13: The Equivalent Circuit and Phasor Diagram of a 
Voltage Transformer. 


III.B. Coupling Capacitance Voltage Transformers 


Coupling capacitance voltage transformers (CCVT) and 
bushing capacitance voltage transformers are less expensive 


than voltage transformers but may be inferior in transient 
performance. With these potential devices, a subsidence 
transient accompanies a sudden reduction of voltage on the 
primary. This voltage may be oscillatory at 60 Hz or some 
other frequency, or it may be uni-directional. A representa- 
tive severe secondary transient is shown in Figure 5-14. 


Steady State 


Figure 5-14: A Typical Subsidence Transient of Older Type 
Coupling Capacitance Voltage Transformers. 


Figures 5-15 and 5-16 illustrate the source of the subsidence 
transient inthe CCVT. In Figure 5-16, elements L and C 
generally contain stored energy when a disturbance, such as 
a fault, occurs on the primary. Because of the “ringing” 
tendency inherent in the RLC circuit, a sudden short cir- 
cuit on the primary does not produce an instantaneous col- 
lapse of the voltage applied to the relays. The extent and 
duration of the deviation from the perfectly transformed 
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Figure 5-15: Simplified Schematic of a Coupling Capacitor 
Voltage Transformer. 
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Figure 5-16: Equivalent Diagram of a Coupling Capacitor 
Voltage Transformer. 


voltage depends on the values of R, L, and C. Other tran- 
sients are introduced by the presence of ferroresonant sup- 
pression circuits and by the relays themselves, 


A voltage transformer is not significantly affected by com- 
parable transients and will reproduce primary transients 
with excellent fidelity. Modern CCVTs, such as the PC-7, 
have capabilities approaching those of the voltage trans- 
former. 


The subsidence transient of the CCVT may influence the 
behavior of some relays. Solid-state phase and ground dis- 
tance relays, used in a zone 1 direct trip function, may be 
seriously affected by the temporary reduction of voltage 
during the decay period. These relays either must be time 
delayed to override the transient period or must have their 
reach shortened sufficiently to avoid false tripping. 


Areas of application for the various CCVTs are listed in 
Table 5-II. 


Table 5-II 


Areas of Application for Various CCVTs 


Device Distance Relays Corrective Measure 


PCA-5 


Solid State Zone 1 Delay trip to 12 ms to- 


phase tal (from normal 4 ms) 
PCA-5 Solid State Zone 1 Decrease reach to 75 
ground percent of line length 
(from normal 85 per- 
cent) 
PCA-5 Electromechanical None required 
PCM, PC-7 Solid State Zone 1 Delay trip 4 ms 
or VT phase 
PCM, PC-7 Solid State Zone 1 None required 
or VT ground 
PCM, PC-7 Electromechanical None required 


or VT 


The impedance of capacitance voltage transformers should 


not be high enough to produce erroneous behavior in the 
static compensator distance relays. Excessive impedance 
may cause false tripping for a reverse fault. For this reason 
bushing voltage devices rated below 230 kV should not be 
used with solid state distance relays. Bushing voltage de- 


> 


vices are, in general, seldom used. Their burden capability 
is limited and transient performance is poor. 


HI.C. Neutral “Inversion” 


Neutral “inversion’’, in which ground becomes external to 
the system voltage triangle, can occur on ungrounded sys- 
tems with a single potential transformer connected line-to- 
ground, Figure 5-17 shows the possible voltage across an 
unloaded voltage transformer. Note that an Xc/Xm ratio 
of 3 would theoretically cause an infinite voltage across the 
voltage transformer. Such a situation never occurs, of 
course, because Xm reduces as saturation occurs. 


By loading the transformer carefully, this large, sustained 
overvoltage phenomena can be avoided. Caution should al- 
ways be exercised where the secondary voltage of the trans- 
former is used for synchronism check, since the loading will 
cause a phase shift. 


Voltage 
Transformer 


V3VL 
= Xx 
= 3-55 
Cc m 
Where: 
a V = Phase a Voltage to Ground 


ViL = Line to Line Voltage 
X¢ = Distributed Capacitance per Phase 
Xm = Magnetizing Impedance of The 
Voltage Transformer 


Figure 5-17: Neutral Inversion on an Ungrounded Power System. 
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I. INTRODUCTION 


The frequency of failure in rotating machines is low with 
modern design practices and improved materials, yet fail- 
ures can occur and may result in severe damage and long 
outages. For these reasons, abnormal conditions must be 
recognized promptly and the trouble area quickly isolated. 


Abnormal conditions that may occur with rotating equip- 
ment include the following: 


a. faults in the windings 


b. overload 


c. overheating of windings or bearings 


d. overspeed 


e. loss of excitation 


f. motoring of generators 


g. single-phase or unbalanced current operation 


h. out of step. 


Several of these conditions do not require that the unit be 

tripped automatically, since, in a properly attended station, 
they can be corrected while the machine remains in service. 
These conditions are signalled by alarms. Other conditions, 
however, such as faults, require prompt removal of the ma- 


chine from service. 


For any particular hazard, the initial, operating, and main- 
tenance costs of protective schemes and the degree of pro- 
tection they afford must be carefully weighed against the 
risk encountered if no protection were applied. The amount 
of protection that should be applied will, of course, vary ac- 
cording to the size and the importance of the machine. 


Il. FAULT DETECTION 


Internal faults in equipment generally develop as a ground 
in one of the phase windings and may occasionally involve 
more than one phase. Differential protection is the most 

effective scheme against multiple-phase faults. In differen- 
tial protection, the currents in each phase, on each side of 
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the machine, are compared ina differential circuit. Any 
“difference” current is used to operate a relay. 


Figure 6-1 shows the relay circuits for one phase only. For 
normal operation or for a fault outside the two sets of cur- 
rent transformers, I, entering the machine equals |, leaving 
the machine in all phases, neglecting the small internal leak- 
age current. On a per-unit basis, the secondary current is 
equal to the primary current minus the magnetizing current, 
I,. 

The relay current, 1a) - Vj , is the difference in the exciting 
or magnetizing currents. With the same type of current 
transformers, this current will be small at normal load. 
Hence, to prevent relay operation, the relay must be set 
above this maximum value during normal machine opera- 
tion. If a fault occurs between the two sets of current trans- 
formers, one or more of the left-hand currents will suddenly 
increase, while currents on the right side may either de- 
crease or increase and flow in the reverse direction. Either 
way, the total fault current will now flow through the relay, 
causing it to operate. 


Protected 
Equipment 


Figure 6-1: The Basic Differential Connection. 


If perfect current transformers were available, an overcur- 
rent relay in the ‘“‘difference” circuit could be set to respond 
very sensitively and quickly. In practice, however, no two 
current transformers will give exactly the same secondary 
current for the same primary current. Discrepancies can be 
traced to manufacturing variations and to differences in sec- 
ondary loading caused by unequal length of relay leads and 
unequal burdens of meters or instruments connected in one 
or both secondaries. The differential current produced 
flows through the relay. While normally small, the differen- 


tial current can become appreciable when short-circuit cur- 
rent flows to an external fault. An overcurrent relay would 


have to be set above the maximum error current that could 
be expected during an external fault. 


The percentage differential relay (Figure 6-2) solves the 
above problem without sacrificing sensitivity. The restrain- 
ing windings receive the transformer secondary current and 
desensitize the relay to high external fault currents. There 
are two common restraining schemes: (1) windings on the 
same electromagnet, which produce contact-opening torque 
against the contact-closing torque of the operating winding; 
or (2) generating a restraint voltage for comparison with the 
voltage produced by the difference current. 
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Figure 6-2: Schematic Connections of The Percentage Differential 
Type Relay. (Only One Phase Connections are Shown). 


In either case, the current required for relay operation in- 
creases with the magnitude of the external fault current. 
The percentage of increase may be constant, as in the CA 
(87) generator percentage differential relay. Alternatively, 
the percentage of increase may vary with the external fault 
current, as in the high speed SA-1 (87) generator relay. The 
effect of the restraint windings on internal faults is negligi- 
ble, because the operating winding has more ampere-turns 
and receives the total secondary fault current. 


The CA generator differential relay is available in 10-percent 
and 25-percent types. The percentage indicates the unbal- 
ance current required to operate the relay as a percentage 
of the smallest restraint current. The 10-percent relay has 
a minimum pickup of 0.18 Amp, and the 25-percent relay, 
0.45 Amp. The pickup value is the current into one re- 
straint and out the operating winding required to just close 
the relay contacts. With 3 Amp or more in the 10-percent 
relay, and 7 Amp or more in the 25-percent relay, the op- 
erating time is 165 ms or less, with a minimum operating 
time of 80 to 100 ms. 


The SA-I relay is a three-phase, variable percentage relay 
available with a sensitivity of 0.14 Amp or 0.5 Amp. The 
SA-1 operates in approximately 25 ms compared to 80 to 
165 ms for the CA generator differential relays but costs 
approximately 25 percent more. A saturating reactor in 
each of the three “operating” circuits minimizes the tend- 
ency to operate on the low magnitude error current associ- 
ated with unequal current transformer saturation. The re- 
actor has an impedance of approximately 85 ohms at 0.14 
Amp and 1.5 ohms at 30 Amp. 


The high-impedance reactor in the SA-1 relay operating cir- 
cuit also prevents the relay from operating during trans- 
former energization at full-voltage (black start) or follow- 
ing out-of-phase synchronizing. These conditions will pro- 
duce dc current flow in the machine. Since the L/R ratio 
(inductance/resistance) of rotating machinery is large, it 
may produce current transformer saturation, probably oc- 
curring at a different time for the two current transformers 
in a given phase, that will persist for many cycles after the 
initial disturbance unless the current is interrupted. 


In all differential schemes, it is good practice to use current 
transformers with the same characteristics wherever possible 
and to avoid connecting any other equipment in these cir- 
cuits. 


Most generators have wye-connected windings. As shown 
in Figure 6-2, three relays connected to wye-connected cur- 
rent transformers provide phase- and, in some cases, ground- 
fault protection. Figure 6-3 illustrates a similar protective 
scheme for delta generators. In this scheme, the delta wind- 


ings must be brought out so current transformers can be in- 
stalled inside the delta. 
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Figure 6-3: Percentage Differential Relay Schematic for a Delta 
Connected Machine. (Only One Phase Connections 
are Shown). 
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Generators with split-phase windings can be protected by 
two sets of differential relays, one connected as in Figure 
6-2, and the other connected as in Figure 6-4. This arrange- 
ment protects against all types of internal faults, including 
short-circuited turns or open-circuited windings. Unless the 
ratios of the current transformers are two to one, the 
scheme of Figure 6-4 must be equipped with auxiliary trans- 
formers to provide a balance during normal operation. 
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Figure 6-4: Schematic Connections for One Phase Only for The 
Protection of a Machine With Split Phase Windings. 


lil. GROUND-FAULT PROTECTION 


The method of grounding affects the degree of protection 
afforded by differential relays. The higher the grounding 
impedance, the less the fault current magnitude and the 
more difficult it is to detect light faults. With high imped- 
ance grounding the differential relays will not respond to 
single phase to ground faults. A separate relay in the 
grounded neutral will provide sensitive protection, since it 
can be set without regard to load current. 


As the grounding impedance is increased, current-type 
relays become less applicable. The lower the relay pickup, 
the higher its burden on the current transformer and the 
more difficult it is to distinguish bet ween ground-fault cur- 
rent and third-harmonic unbalance current flowing in the 
neutral. This third-harmonic current may be as high as 10 
to 15 percent of the maximum generator output with low- 
impedance grounding. 


The ground relay may also operate for ground faults be- 
yond the generator. For this reason, a time delay may be 
necessary to coordinate with any other overlapping relays. 


A typical case is a generator connected directly to a bus 
with other circuits. A fault on one of these circuits should 
not trip the machine; the relays in the faulted circuit will 
clear such faults. A wye-delta transformer bank will block 
the flow of ground current, preventing faults on the op- 
posite side of the banks from operating ground relays. In 
the unit-connected scheme, the transformer bank limits 
the ground relay operation to faults in the generator, the 
leads up to the transformer bank, and the delta winding. 


The unit system is the most common arrangement for all 
but smal! generators. For unit systems high resistance 
grounding is used, and the machine is generally grounded 
through a distribution transformer and resistor combina- 
tion, as shown in Figure 6-5. Since the secondary is rated 
at 120 V or 240 V, the physical size of the resistor can be 
considerably smaller than if it were connected to the pri- 
mary. 
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Figure 6-5: Schematic Connections for Ground Fault Protection 
of a Unit Type Machine Resistance Grounded Through 
a Distribution Transformer. 
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The unit system responds to the voltage shift of the gen- 
erator neutral with respect to ground that occurs for a 
ground fault in the machine, bus, or low voltage winding 
of the transformer. The relay used must be insensitive to 
the substantial norma] third-harmonic voltage that may be 
present between neutral and ground, and yet sensitive to 
the normal frequency voltage that accompanies a fault. 


The CV-8 (59) low-pickup overvoltage relay can be used for 
unit generator applications as shown in Figure 6-5. Two 
varieties are used: one has a continuous rating of 67 V 
(140 V for two minutes), and the other a continuous rating 
of 199 V (300 V for two minutes). The pickup is 8 percent 


of the rating, or 5.4 V for the 67-V relay and 16 V for the 
199-V relay. Provided that a full-rated primary winding is 
used, the maximum voltage for a solid ground fault is 
120/V3 (69.3 V with 120-V distribution transformer sec- 
ondary), or 240/V3 (138.6 V with 240-V secondary). 


The scheme combines good sensitivity for internal ground 
faults while being very insensitive to third-harmonic volt- 
ages. A tuned filter circuit, consisting of the relay coil and 
capacitor, manifests a high impedance to third-harmonic 
voltages and prevents the relay from operating. The 3rd 
harmonic pickup of the relay is approximately 8 times the 
pickup at rated frequency. 


The SV relay, which is used to protect the CV-8 against 
overvoltage, can be omitted where the continuous rating of 
the CV-8 is greater than the maximum fault voltage. The 
SV relay is set to open its contacts above 70 V, inserting the 
resistor R to limit the voltage on the CV-8 to 60 V when 
139 V is applied. The SV, with a continuous rating of 

160 V, is required for an alarm scheme, but seldom for trip- 
ping. 


The adjustable time dial settings of the CV-8 provide a time 
delay to ensure tripping only on faults and not on transient 
disturbances. The minimum delay with the 0.5 time dial 
setting is around 25 ms. Delays of 4 sec. or more as possi- 
ble with the 11 time dial setting. These longer delays allow 
for coordination with voltage transformer fuses. 


The time setting should be made so that faults in the volt- 
age transformer or on the secondary will blow the fuses be- 
fore the ground relay operates. 


Operation of the CV-8 can be avoided for faults on the volt- 
age transformer secondary by grounding one phase of the 
secondary rather than grounding the neutral. Then a ground 
fault on the voltage transformer secondary will not produce 
a machine neutral voltage shift and the CV-8 will not oper- 
ate. This is the recommended grounding practice for gener- 
ator voltage transformers. 


IV. BACKUP PROTECTION 
IV.A. Unbalanced Faults 


Unsymmetrical faults may produce more severe heating in 
machines than symmetrical faults. The negative sequence 


currents that flow during these unbalanced faults induce 
twice-rated frequency rotor currents. These currents tend 
to flow in the surface of the solid rotor forging and in the 
non-magnetic rotor wedges and retaining rings. The result- 
ing 1,°R loss quickly raises the temperature. If the fault 
persists, the metal will melt, damaging the rotor structure. 


Such faults result from failure of a protective scheme or 
equipment external to the machine. The relative magni- 
tudes of negative sequence currents for line-to-line faults 

on a typical turbine generator under different operating 
conditions are shown in Figure 6-6. The effect of the shunt 
load impedance during the fault is included for short cir- 
cuits with load on the system. 
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Figure 6-6: Relative Magnitudes ot Negative Sequence Currents 
for Line-to-Line Faults on a Typical Machine Under 
Different Operating Conditions. (From AIEE 
Transactions Volume 72, 1953 Part Ill, Page 283, 
Figure 1) 


According to ANSI standards, the permissible integrated 
product, (1,)*t,* which “indirectly cooled” turbine gen- 
erators, synchronous condensers, and frequency-changer 
sets can tolerate, is 30. The standard for hydraulic tur- 
bines or engine-driven generators is 40. Standard ‘‘directly 
cooled” machines up to 800 MVA are capable of with- 
standing a permissible integrated product of 10, while 
some very large machines (1600 MVA) can only tolerate 5. 
Early inspection is recommended for machines subject to 
faults between the above limits and 200 percent of the limit 
to detect damage. Serious damage can be expected for 
faults above 200 percent. 


*ly is negative sequence current in per unit of machine-rated current, 
and t is in seconds. 
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The COQ (46) relay, a negative sequence type, has a mini- 
mum pickup of 0.6 per unit negative sequence current (15) 
with taps between 3 and 5 Amp. The solid state SOQ relay 
has a trip pick-up adjustable between 0.1 and 1.0 of the 
base amperes of 3 to 5 Amp and an alarm pick-up of 0.03 
to 0.2 Amp. As shown in Figures 6-7 and 6-8, the COQ re- 
lay will match the (1,)7t = K curves for values of K from 5 
to 90 and from 1 to 5 per unit I. For Figure 6-7, a relay 
tap setting corresponding to the secondary full-load current 
of the machine is used. Figure 6-8 requires a relay tap set- 
ting equal to three-fourths of the secondary full load cur- 
rent. The 3/4 full load tap is used to obtain better sensitiv- 
ity and wider contact spacing. Figure 6-9 relates time dial 
settings to machine (I,)*t capability. Similar curves apply 
to the SOQ relay with (I,)*t values from 2 to 40. 
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Figure 6-7: Comparison of Relay and Generator Characteristics 


(Time vs Negative Sequence Current for an (15)7t Factor 
from 30 to 90). 


The setting of the COQ can be illustrated by an example. A 
760 MVA, 20 KV generator with 25,000/5 current trans- 
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formers has an int = 10. The full load current of this unit 
is: 


760,000 
—-— = 21,939 amperes primar 
v3 20 ie y 
= 21,939 _ 4.39 amperes secondary. 
5000 


Choose a COQ tap of .75 x 4.39 or tap 3.25, and a time 
dial of 2.5 (Figure 6-9). The operating times (Figure 6-8) 
will be 16 seconds for 3.25 amperes negative sequence, or 
1.5 seconds for 9.75 Ip. 
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Figure 6-8: Comparison or Relay and Generator Characteristics 
(Time vs Negative Sequence Current for an (1,)2t 
Factor from 5 to 10). 


The COQ or SOQ relays are recommended for all machines 
rated 5000 kVA or larger. Schematic connections for un- 
balanced fault protection are shown in Figure 6-10. 


30 


70r + 


ret Tap Value = Machine Full Load 


60 


50 


40 


30 


20 


p Value = 3 of Machine Full Load ~ 


(Ip)@t Limit of The Machine 


Time Dial Setting 


Figure 6-9: Required COQ Time Dial Setting vs Generator 
Constant. 


The filter output of the COQ relay is: 


VEe 2K5L,4 (6-1) 


when the connection shown in Figure 6-10 is used. If, how- 


ever, the auxiliary current transformer is not used, 


Ve = K, (21,5 + Ig) (6-2) 


K, is the filter constant. 


if Ig is small, its effect can be ignored. Otherwise, it will be 
necessary to use either the auxiliary current transformer or 
the relay with neutral made up inside. The auxiliary current 
transformer is not normally required in unit-connected ap- 


plications. 
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Figure 6-10: Schematic Connections of The COO (46) Relay for 
Unbalanced Fault Protection. 


Where a continuous load unbalance in excess of the 5 or 10- 
percent of the capability of the particular machine may oc- 
cur, the SOQ relay, set for the desired alarm level, may be 
used to alert an operator. Instrumentation can identify the 
fevel of negative sequence current to permit a decision be- 
tween tripping or decreasing the machine loading. 


IV.B. Balanced Faults 


A generator should be protected against damage that will 
result from prolonged contribution to a balanced fault. A 
KD-11 (21) relay fed from current transformers in the neu- 
tral of the generator and from a voltage supply connected 
at generator voltage level provides such protection. A single 


c) Trip Circuit Schematic. 
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relay of this type complements the COQ or SOQ in recog- 
nizing balanced faults internal and external to the generator. 
It also supplements the COQ or SOQ relays by sensitively 
recognizing unbalanced faults. The connection described 
above makes the relay directional from the neutral, but 
gives it reach in both directions from the voltage trans- 
former location. Asa result, it will sense generator as well 


as transformer faults. 


The KD-11 is usually set to reach through the unit trans- 
former. Unlike single-phase distance relays, the reach of the 
KD-type relays is not affected by the phase shift through 
the bank. When set for an impedance greater than the sum 
of the generator and transformer impedances, the KD-11 
relay will operate for both generator and line-side phase 
faults. A timer must be used to ensure only the minimum 
equipment outage necessary to clear a fault. The timer 
must be set to coordinate with the high voltage transmis- 
sion line relays and all other relays it overreaches. The 
KD-11 can also be used in conjunction with the KST relay 
to provide out-of-step tripping. 


If a COQ or SOQ relay is used, one 2-to-6-Amp COV (27) 
relay may also be used to provide the balanced fault backup 
function. A simple overcurrent unit is unsuitable for pre- 
venting a sustained machine contribution to a fault because, 
with a regulator out of service, the bolted sustained or syn- 
chronous three-phase fault contribution is less than machine 
full-load current. The COV, on the other hand, can be set 
well below full-load current and not operate. Its overcur- 
rent unit is torque-controlled by a cylinder-type undervolt- 
age unit and therefore voltage must be below the voltage 
setting to permit the overcurrent unit to function. Both 
units are independently adjustable, making coordination 
with other overcurrent devices simpler than if the current 
unit response were a function of voltage level. 


V. OVERLOAD PROTECTION 


Most large generators are equipped with resistance temper- 
ature detectors (RTDs), which may be used ina bridge cir- 
cuit to provide sensing intelligence to an indicator or a relay 
such as the DT-3 (49). 


This relay has contact-opening torque when the resistance 
is low, indicating low machine temperature. When the tem- 
perature of the machine exceeds 120°C for class-B insu- 
lated machines, the bridge becomes unbalanced and the 
contacts close. While the power supply for the DT-3 may 
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be ac or dc, ac is preferred. This DT-3 relay includes an iso- 
lating transformer that allows the RTD to be grounded 
without grounding the station battery. 


VI. OVERSPEED PROTECTION 


A generator accelerates when it becomes separated from 

its load. The acceleration depends on the inertia (WK2), 
the load loss, and the governor response. To recognize over- 
speed, a permanent magnet generator is often connected to 
the machine shaft to supply a voltage to the governor that 

is proportional to speed. The governor may also be 
equipped with a speed-responsive flyball mechanism. Ei- 
ther the permanent magnet generator or the flyball mech- 
anism can initiate prime-mover control to remove power 
input and alleviate overspeed. An overfrequency relay, such 
as a CF-1, can be used to supplement this overspeed equip- 


ment. 
VII. LOSS-OF-EXCITATION PROTECTION 


The generator must be kept on line, supplying power as long 
as possible, particularly where the machine represents a siz- 
able portion of the system capacity. To this end, an early 
warning of low excitation would give the operator an op- 
portunity to restore the field if possible and avoid tripping. 
Unnecessary tripping, and the resultant loss of kW output, 
can precipitate system breakup and a major outage. Where 
the machine and system are headed for instability caused by 
loss of excitation, however, the machine should be tripped 
automatically. 


The KLF and KLF-1 relays (40) were designed with the 
above objectives in mind and are applicable to all types of 
machines. These relays will protect against varying degrees 
of abnormally low excitation by performing the following 
functions: 


a. Alerting the operator to any low excitation that could 
damage the machine or result in instability. 


b. Alerting the operator to a loss-of-field condition as early 
as possible, giving him time to correct the condition. 


c. Tripping the machine automatically in the case of po- 
tential system instability. 


The KLF-1 differs from the KLF relay in that it has a sepa- 
rate phase voltage supply for each element. As a result, loss 


of any one phase voltage to the KLF-1 relay will not cause 
incorrect tripping. With the KLF, some combinations of 
load and phase voltage loss can operate the relay. The 
KLF-1! must have a wye-wye voltage supply, with the neu- 
tral brought to the relay. The KLF can be used with a wye- 
wye, delta-delta, or open delta-open delta supply. 


When partial or complete loss of excitation occurs on a syn- 
chronous machine, reactive power flows from the system 
into the machine (Figure 6-11). Note that kW output is 
controlled by the prime-mover input, while kVAR output is 
controlled by the field excitation. If the system is large 
enough to supply the deficiency in excitation through the 
armature, the synchronous machine will operate as an in- 
duction generator, supplying essentially the same kW to the 
system as before the loss of excitation. 


Since synchronous generators are not designed for asyn- 
chronous operation, the machine output will oscillate 
slightly as the rotor oscillates, in an attempt to lock into 
synchronism. Loss of synchronism does not require imme- 
diate tripping unless there is an accompanying decrease in 
the terminal voltage that threatens system stability. It gen- 
erally takes at least 2 to 6 sec to lose synchronism. Many 
instances have been reported where machines have run out 
of synchronism for varying periods because of loss of ex- 
citation without damage to the machines. The maximum 
time reported is 17 min on a 100-MW, 25-Hz machine. 
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Figure 6-11: Diagram Showing Current Locus of Ac Machines 
Operating Under Various Conditions. 
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Figure 6-12: Trip Circuits and R-X Diagram Showing Operation of The KLF (40) Loss-of-Field Relay. 


Machine loss of field can result from any of the following: 
® loss of field to the main exciter 

® accidental tripping of the field breaker 

® short circuits in the field currents 

® poor brush contact in the exciter 

® field circuit-breaker latch failure 

@ loss of ac supply to the excitation system 


® reduced frequency operation when the regulator is out of 
service. 


The KLF and KLF-! relays contain three cylinder units op- 
erating as 1) a directional unit, 2) an offset mho unit and 

3) an instantaneous undervoltage unit. Their operation is as 
follows with reference to the R-X diagram of Figure 6-12: 


The directional unit closes its contacts when reactive power 
flows into the machine. The offset impedance unit closes 
its contacts when the machine’s impedance, as viewed from 
its terminal, is less than a predetermined value. As excita- 
tion is lost, the impedance moves into the operating circle 
(Figure 6-12). Operation of both the offset impedance and 
directional units can either sound an alarm or trip the ma- 
chine. 


Reduced excitation results in a drop in the machine’s termi- 
nal voltage, causing it to draw reactive power from the sys- 
tem.* An excessive voltage decay indicates that the system 
may become unstable. Consequently, the undervoltage unit 
must be set to drop out at a voltage from which the system 
cannot recover during loss of excitation. Although this is 

a difficult value to determine without a transient stability 
study, operating experience will often indicate a critical 
voltage at which trouble could occur. The undervoltage 
unit can be set to operate at this value. 


As shown in Figure 6-12, operation of the directional, offset 
impedance, and voltage units will trip the machine. A 
telephone-type relay (X), connected in parallel with the 
three series contacts, provides an approximately 15-cycle 
time delay on dropout before energizing the trip circuit. 


The KLF and KLF-1 relays can also be used to protect 
against loss of field in a synchronous condenser. In this 
case, the voltage at the unit’s terminals is the principal dis- 
criminating factor. The alarm feature cannot be used, how- 
ever, since normal operation can include under-excitation 
where D and Z contacts would be closed. 


*The ability of the system to maintain stability depends on relative 
generator size, the accelerating power applied, duration of the dis- 
turbance, generator and system impedances, inertia (WK“), and 
voltage regulator action. Voltage regulators generally tend to im- 
prove system voltage conditions. 


VII. KLF AND KLF-1 CURVES 


Figure 6-13 shows how a generator capability curve can be 
transformed into an R-X diagram. For each point on the 
curve, an angle, 8, can be measured from the horizontal, and 
the value of three-phase MVA read. Knowing the line-to- 
line voltage at which the capability curve applies, a value of 
Zy or Z can be calculated using: 
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Figure 6-13: Transformation from KW-KVAR Plot to R-X Plot. 


where R, and R, are the current and voltage transformer 
ratios, respectively. 


Point Z5 or Z can then be plotted, at angle B, on the R-X 
diagram. Other points on the circle arcs can be obtained in 
the same way until the desired curve is complete. 


The steady-state stability curve is another significant limit 
that can be related to a loss-of-field relay with KLF and 
KLF-1 characteristics. The MW-MVAR curve can be devel- 
oped as shown in Figure 6-14a. In this figure, V is the per- 
unit terminal voltage, X, is the equivalent per-unit system 
impedance as viewed from the generator terminals, and Xa 
is the per-unit unsaturated synchronous reactance. Both X, 
and Xq are measured on the machine MVA base. 


Figure 6-14b converts the machine’s steady-state stability 
curve to an R-X diagram. Note that the curve of Figure 
6-14b can be plotted directly froma knowledge of X, and 
Xq without the intermediate step of Figure 6-1 4a. 


Per Unit MW 


Figure 6-14: Conversion of Steady State Stability Curve to R-X 
Diagram. 


Figure 6-15 relates KLF or KLF-1! setting to capability and 
minimum excitation limiter (MEL) curves. Assume a given 
kW load on the machine and assume that the vars into the 
machine are gradually being increased by decreasing ma- 
chine field current, as in curve A of Figure 6-15. If the reg- 
ulator is in service, the minimum exciter limiter (MEL) pre- 
vents operation at a level that would jeopardize the machine 
thermally. If the regulator is out of service, Z continues to 
decrease until the KLF impedance unit operates. An alarm 
indicates a hazardous operating condition if the voltage is 
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high. A low voltage, which more seriously jeopardizes sys- 
tem stability, trips the machine after 0.25 sec (Figure 6-12). 
The loss-of-field relay must reach into the plus-X area if its 
locus is to follow closely the machine characteristic. A di- 


rectional unit is included in the relay to avoid tripping for 
close-in faults beyond the unit transformer. 
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Figure 6-15: KLF Setting Related to Capability and MEL Curves. 


IX. TWO-ZONE KLF SCHEME 


dc Positive SSO 


Like all other elements in generator protection, the loss-of- 


field relay needs backup to prevent catastrophic failure if 
0.25 
Seconds 
0) 


a device or associated component should fail. 


Two KLF or KLF-1 relays provide better protection than 
one. The first, or Zone 1, relay is set restrictive (Figure 
6-16) and typically trips through a 0.25-sec timer. It pro- 
vides fast clearing on loss of field, yet is secure against 
swings such as that shown passing through points CDEF in 
Figure 6-16. The Zone 2 relay is set wider and typically 


drives a 1-sec timer to detect partial loss of field, provide an 
alarm function, and back up the Zone | relay. Other set- 


ting data are given in Tables 6-1 and 6-II. dcNegative 


TD-l= TC-A Time + O 25 Seconds 


Figure 6-17 shows the dc schematic for the KLF or KLF-1 
Zone 2 relay. Zone 1 may be used without a TD-A timer 


unless extreme emphasis on security is made. No TD-2 re- 


AS ‘ Hen Figure 6-17: Type KLF or KLF-1 ac Schematic for Zone 2 Loss of 
S Vv 
lay is required since the under oltage contacts of the Zone Exitation Protection. (Timer Settings are Given in Tables 


1 relay are shorted. 6-land 6-ll). 


Table 6-1 


Recommended Settings for KLF Relay 


Setting Zone | (alone) | Zone 2 (alone) | Both Zone | and Zone 2 
Impedance | See Figure 6-16 See Figure 6-16 |See Figure 6-16 
Setting | 

| Voltage (a) undervoltage con-| 80% Zone | voltage contact 
Setting tact shorted or shorted. Zone 2 drop- 
out voltage set at 80% 
(b) set at 80% for 
security 
TD-1 (See | 1/4 to 1 see 1/4 to | sec Zone | timer = 1/4 sec 
Fig. 6-17) 
(1/4 sec adequate) fe sec preferred) | Zone 2 timer = 1 sec 
TD-2 (See | Not required for (a) | | min. None for Zone 1 
Fig. 6-17) | above 


Zone 2 timer = | min. 
For (b) above use | 
min. 


[ Advantages] Less sensitive to 
stable system swings 


1) More sensitive }1) Same as 1), 2), and 
to LOF con- 3) at left. 
dition 
2) Provides back-up pro- 
2) Can operate tection 
on partial LOF 


3) Provide alarm 
features for 
manual opera- 
tion 


Table 6-II 


Special Settings for Multi Machines Bussed at Machine Terminals 


Setting Zone } (alone) 


See Figure 6-16 


Zone 2 (alone) | Both Zone 1 and Zone 2 


Impedance 


See Figure 6-16 
Setting 


See Figure 6-16 


(a) undervoltage con- | 87% 


Voltage Zone | voltage contact 
Setting tact shorted or shorted with Zone 2 set 
at 87% 
(b) set at 87% for 
security 

TD-1 (See | 1/4 to I sec 1/4 to L sec Zone | timer = 1/4 sec 
Fig. 6-17) 

(1/4 sec adequate) (1 sec preferred) | Zone 2 timer = I sec 
TD-2 (See | Not required for (a) 10 sec for di- None for Zone 1 
Fig. 6-17) | above rectly cooled 


Zone 2 timers: 10 sec 
for directly cooled, 
25 sec for indirectly 
cooled 


For (b) above use 10 
sec for directly 
cooled, 25 sec for 
indirectly cooled 


25 sec for indi- 
rectly cooled 


X. PROTECTION AGAINST GENERATOR MOTORING 


Generator motoring protection is designed for the prime 
mover or the system, rather than for the generator. With 
steam turbines, for example, turbines will overheat on low 
steam flow, but will be protected by steam temperature de- 
vices. With hydroturbines, hydraulic flow indicators pro- 
tect against blade cavitation on low water flow. Similar de- 
vices are used to protect gas turbines. 


Generator motoring protection can be provided by devices 
such as limit switches or exhaust hood temperature detec- 
tors. If a large number of these devices are necessary, how- 
ever, a Single reverse power protective relay is recommended 
for added safety and backup protection. The reverse power 
relay is commonly used with diesel engine generating units, 
where there is danger of explosion and fire from unburned 
fuel. 


Motoring results from a low prime-mover input to the ac 
generator. When this input cannot meet all the losses, the 
deficiency is supplied by absorbing real power from the sys- 
tem. Since field excitation should remain the same, the 
same reactive power would flow as before motoring. Thus, 
on motoring, the real power will be into the machine, while 
the reactive power may be either flowing out or into the 
machine. Usually the reactive power will be supplied to the 
system as machines are not generally operated underexcited. 


During generator motoring, the current phasor will fall in 
the second or third quadrant, as shown in Figure 6-11. Usu- 
ally, the phasor will fall in the third quadrant, with the ma- 
chine supplying reactive to the system. 


Any relay designed to detect motoring would have to be 
extremely sensitive to respond to the first increment of re- 
verse power. For example, suppose a turbine had its valves 
closed to slightly less than the no-load steam requirements. 
In other words, the turbine would supply 99 percent of the 
losses, and the generator (as a motor) would supply one 
percent. If the total losses were 3.0 percent of the kW rat- 
ing, the kW drawn by the generator (as a motor) from the 
power system would be only 1.0 percent of 3.0 percent, or 
0.03 percent of the nameplate rating. This small increment 
is difficult for a relay to detect and still carry continuous 
load current under normal conditions. 


When the prime mover is spun at synchronous speed with 
no power input, the approximate reverse power required to 
motor a generator, as a percentage of nameplate rating in 
kW, is: 


Condensing steam turbine .... 3% 
Non-condensing steam turbine . 3+% 

Diesel engine............. 25% 

Gas turbine.........-..--. 50% 
Hydraulic turbine.......... 0.2 to 2+% 


Steam Turbines. When operating under full vacuum and 
zero steam input, condensing turbines require about 3.0 


percent of kW rating to motor. Non-condensing turbines 
require 3.0 percent or more of rated kW to motor when 
operating against atmospheric or higher exhaust pressures 


at zero steam flow. 


Diesel Engines. If no cylinders are firing, diesel engines 
require about 25 percent of the rated kW figure. If one 
or more cylinders fail to fire at no load, there will be 
some increase in reverse power, depending on the gover- 
nor action and the effect on the system frequency. 


Gas Turbines. The large compressor load of gas turbines 
represents a substantial power requirement from the sys- 
tem. Consequently, the sensitivity of the anti-motoring 
device is not critical. 
Hydraulic Turbines. When the blades are under the tail- 
race water level, the percent of kW rating required for 
motoring is high---probably well over 2.0 percent. From 
0.2 to 2.0 percent kW is required for the turbine to motor 
when the blades are above the tail-race level. For tur- 
bines using a Kaplan adjustable-blade propeller, the flat 
blade condition probably requires less than 0.2 percent 
kW to motor. 


Two different types of relays are used for anti-motoring 
protection, depending on the sensitivity required. The 
CRN-1 (32) relay has a sensitivity of 0.2 Amp at rated 
volts; type CW (32) relays cover the total range of 20 to 
600 W (relay watts). Both have adjustable operating 
times. 


The CRN-1 relay consists of a cylinder directional unit 
and an induction-disc voltage-timing unit (Figure 6-18). 
The directional unit controls the CV timing. The direc- 
tional contacts close when power flows into the generator, 
permitting the system voltage to operate the CV timer. 
The CW relay (30-degree characteristic) is connected sim- 
ilarly, but has only a single unit that operates when the 
watt flow into the generator exceeds the setting. 


XI. FIELD GROUND PROTECTION 


A single ground on the field of a synchronous machine 
produces no immediate damaging effect. It must be de- 
tected and removed because of the potential of a second 
ground which could short part of the field winding and 
cause damaging vibration. While ac detection methods 
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Positive 


D 520 
t CV 
a b c Negative 
-< Legend: 
D Directional Unit 
CV - Timing Unit 


Figure 6-18: Typical Schematic for Anti-Motoring Protection Using 
CRN.-1 (32) Relay. 


were used in the past, these schemes are no longer recom- 
mended. Any continuous bearing current may be harmful 
to the bearing. The flow of this bearing current is shown 
in Figure 6-19. A small leakage current flows through the 
field-to-ground capacitance, which, on a large turbo- 
generator, can be between 0.3 and 0.5 UF. 


Field -L Field 


Breoker Breaker 
Path of The te 
Leakage 
Currents Ge) f ) 
Thru Field Ac Supply 
Copacity t 
— {Field Winding 


——— = Slip Rings and Brushes 
OW Film 


in Bearing 


Figure 6-19: Path of The Currents in a Machine When Using an 
Ac Field Ground Relay. 


The recommended field ground protection scheme for a 
generator with brushes (that is, stationary field leads acces- 
sible) is shown in Figure 6-20. This scheme, which does 
not require any external source, uses the very sensitive 
@arsonval de relay, type DGF. 


| 
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Generator 
Field Winding 


Non-Linear 
Resistor 


cb 


| 
| 
Lo 


Exciter 
Rating 
in Volts 


125 
250 
375 


Figure 6-20: Field Ground Protection Scheme for a Generator. 


The DGF relay uses a voltage divider circuit, consisting of 
two linear resistors (Ry and R,) and a non-linear resistor 
whose resistance varies with the applied voltage. If the field 
becomes grounded, a voltage will develop between point 
“M” and ground. The magnitude of this voltage will vary 
according to the exciter voltage and the point at which the 
field is grounded. The voltage will be at maximum if the 
field is grounded at either end of the winding. 


A null point will exist in the field winding where a ground 
will produce no voltage between ‘“‘M” and ground. This 
null point will be located at a point on the field winding 
from which there is balance between the two field winding 
resistances and the two relay resistances to positive and neg- 
ative. 


The non-linear resistor is designed to vary the location of 
this null point, so that a ground can be detected at any 
point in the field winding. The non-linear resistor values 


at two points are: 


45,000 ohms at 60 V across the resistor. 
4,700 ohms at 150 V across the resistor. 


The divider is proportioned so that the field winding null 
position is located at the midpoint when the exciter’s rated 
voltage is at 100 percent. The null position shifts to 25 per- 
cent from the negative end, when voltage is 30 percent of 
rating. 


The operating unit of the DGF (64) relay, a dc instrument 
movement with a range of 0.75-0-0.75 mA, has an adjust- 
able contact located on either side of the zero point. With 
a contact setting at +0.15 mA, a ground can be detected 
with the following maximum fault resistances for an exciter 
voltage rated at 125 VC (100 V actual): 


Fault 55% Fault 44% 
Fault on Fault on from from 
Plus Side Minus Side Minus Side Minus Side 


333,000 ohms +300,000 ohms 33,000 ohms Null point 


{This value is approximate. 


A pushbutton, connected across a portion of the Ry resistor, 
permits a manual check for possible ground faults at the 
center of the winding. This provision is desirable where the 
generator is to be “‘base loaded” and will not experience pe- 
riodic excitation variations. 


For a “brushless” type machine, no normal access is avail- 
able to a stationary part of the generator field circuit, and 
no continuous monitoring to detect field grounds is possi- 
ble. However, pilot brushes are often provided that may be 
periodically dropped. If a voltage can be read between 
ground and the brush, which is connected to one side of the 
generator field, a ground is known to exist. If a voltage is 
not measured, an ohmic reading can be taken to assure that 
a ground is not imminent. 


XII. ALTERNATING-CURRENT OVERVOLTAGE 
PROTECTION FOR HYDROELECTRIC 
GENERATORS 


Alternating-current overvoltage protection is recom- 
mended for hydroelectric generators subject to overspeed 
and consequent overvoltage on loss of load. Some hydro- 
electric generators can go up to 140 percent or more of 
rated speed when full load is dropped. The voltage may 
reach 200 percent or more. 


The ac overvoltage protective scheme is shown in Figure 
6-21. The relay, which changes the excitation system to 
reduce the output voltage, can also provide backup protec- 
tion for the voltage regulator. 


| (Insert Field 
SV Reducing 
| Resistor 


Figure 6-21: Ac Over-Voltage Protection for a Generator. 


XIII. GENERATOR PROTECTION AT REDUCED 
FREQUENCIES 


Turbine generators are started on turning gear which ro- 
tates the shaft at about 3 rpm. For a cross-compound ma- 
chine, the field must be applied before the machine is re- 
moved from the turning gear. At this point, excitation 
should be limited to rated V/Hz to avoid overexciting the 
unit or station service transformer. A tandem unit need 
not have field applied until it is up to speed and ready to 
synchronize. 


Cross-compound generators may be operated for severaf 
hours during warm-up at frequencies well below their rat- 
ing. However, current transformer and relay performance 
at these reduced frequencies must be considered, since 
fault magnitudes are approximately the same as at rated 
frequency. Current transformer performance can be ex- 
pected to deteriorate badly at low frequency. There is a 
compensating effect, however, in the reduction of burden 
impedance. 


The performances of relays associated with the generator 
or a generator-transformer unit at 15 and 30 Hz are sum- 
marized in Table 6-III in terms of 60-Hz performance. 
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Table 6-III 
Performance of Westinghouse Protective Relays at Reduced Frequencies 


Pickup in Percent of 60-hertz Pickup Classification 
15 Cycles 30 Cycles 


Overcurrent CO-2 115 
(51) CO-5 150 
CcO-4 143 
co-7 140 
Cco-8 138 
co-9 140 
sc 85 93 A 
cov Performance same as CO Unit used in relay 
Voltage SV 26 50 A 
(59) CV contact- 122 120 A 
making 
volt meter 
CV-8 
Differential CA generator 
(87) CA transformer 
SA-1 
HU-1 
Negative 
Sequence COQ 
(46) soQ 
Loss of 
Field (40) = KLF (or KLF-1) 


*: Very insensitive or non-operable at the frequency indi- 
cated 


A: Protection available at both 15 and 30 cycles 
B: Protection available at 30 cycles only 


C: Additional protective relays required for start-up or low 
frequency operation 


O: The sensitivity of the COQ & SOQ relays to negative se- 
quence currents is a direct function of frequency. while 
its sensitivity to positive sequence currents is an inverse 
function of frequency. This relay will operate for heavy 
three-phase and phase-to-phase faults at reduced frequen- 
cies, but should not be relied upon for primary protec- 


tion during warm-up. 


A: Since the KLF or KLF-1 relays operate on lagging reac- 
tive power into the machine, the refay wiff neither op- 
erate falsely nor provide loss-of-field protection during 
the warm-up period. 


For cross-compound turbine generators, the low pressure 
and the high pressure units should have their fields applied 
and synchronized while on turning gear, so that they are 
brought up to rated speed in synchronism. Synchronizing 
surges may occur, at these low speeds, which will operate 
the KLF or KLF-1 relays. These synchronizing surges can 
reach 60 percent of the full-load current, since the imped- 
ance in the generators is very low. KLF or KLF-] relays ap- 


plied to a cross-compound unit should therefore be disabled 
during start-up. 
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The SC relay (or SV for the CV-8) is recommended as sup- 
plementary protection in several areas indicated by an as- 
terisk in Table 6-III. Use of this relay is optional in the A 
and B classifications and will depend on the need for addi- 
tional sensitivity. The SC current relay has a flat charac- 
teristic, and increases slightly in sensitivity as the operating 
frequency drops. When an SC relay is operated on de, it 
picks up at approximately 15 percent below its normal 
60-Hz pickup. The pickup of the SV voltage relay is al- 
most directly proportional to frequency; its sensitivity at 
15 Hz is thus 4 times the sensitivity at 60 Hz. For this 
reason, the SV relay provides excellent backup protection 
for 60-Hz voltage relays that lose their sensitivity at low 


frequencies. 


With one exception, the relays listed in Table 6-III will 
neither overheat nor operate incorrectly if left in the cir- 
cuits when the generator is operated at reduced frequencies. 
The KLF and KLF-1 relays, when used in a cross-compound 
configuration, must have their trip incapacitated during 
start-up. 


atoll Il 


Exciter 


& 
os ® 


XIV. RECOMMENDED PROTECTION 


Figures 6-22 and 6-23 show the recommended protection 
for large tandem-compound and cross-compound, unit- 
connected turbine generators. Figures 6-24 and 6-25 show 
the recommended protection for machines that are not unit 
connected. Generally, such generators are used in industrial 
applications. 


XV. OUT-OF-STEP PROTECTION 


As generator impedances become larger in proportion to the 
system, the electrical center will be closer to the generator. 
This condition intensifies the need for out-of-step detection 
as part of the generator relaying complement. Such relay- 
ing schemes are described in Chapter 19, System Stability 


and Out-of-Step Relaying. 


(21)or 51/27 


a Voltage High 
Transformer aN vende 
* us 


Station Service 


NT 
Positive a a 
Protective 
Relays 
86G 
86G 


Negative 


Device Number Chart 


21 KD-11 59NT CvV-8 

40 KLF or KLF-1 63 SPR 

41 Field Breaker 64 DGF (“Brush” Machines Only) 

46 COQ or SOQ 86G WL-Generator Lockout 

51/27 COV 87G CA or SA-1 Generator Differential 
51N co 87T HU Overall Differential 

59N SV, 7-16V {) Number of Relays Required 


Figure 6-22: Overall Protection for a Tander-Compound Unit Connected Generator. 


6-17 


or 51/27 


Voltage 
Y Transformer 
Not Grounded + COD las 


ig 


High 


Service Station Voltage 
Bus 


Positive 


Open at 
55 Hertz 


Negative —@—— Device Number Chart 
21 KD-11 59NT CV-8 
40 KLF or KLF-1 63 SPR 
41 Field Breaker 64 DGF (’Brush” Machines Only) 
46 cOQ or SOQ 81 CF-1, Over-Frequency 
50 SC. 0.5-2A 83 SG 
51/27 COV 86G WL-Generator Lockout 
SIN co 87G CA or SA-1 Generator Differential 
59N SV, 7-16V 87T HU-1 
Notes: | 


(0) Low Frequency Protection 
® Required With SA-1 Relay (Not Required With CA) 
() Number of Relays Required | 


—_— | | 


Figure 6-23: Overalt Protection for a Cross-Compound Unit Connected Generator. 
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Device Number Chart 
32 CRN-1Q@) 


ype 


40 KLF 

(88) 46 COQ or SOQ 
51G Co 
51V. COV 
64 DGF (“Brush” 

Machines Only) 

86 WL 
87 CA or SA-1 
87G CWC 


Resistor @ May not be Required 


if Turbine Has Similar 
Protection 

(_) Number of Retays 
Required 

Applicable to Generators: 

1). 0-500 KVA (Above 5 Kv) 

2). 500-1000 KVA (Above 2.4 Kv) 

3), Above 1000 KVA (Any Voltage) Non-Unit Connected 


Figure 6-24: Recommended Protection for Large Generators 
Used in Industrial Plants. 


(1) 


oa 5 


Generator 
(Small) 


Device Number Chart 
32. -CRN-1@ 


Field 


46 -coaQ 
51G -CcO 
51V =COV 

a) 52 - Breaker 
86 -WL 
87 -CA 


@) May not be Required 
'f Turbine Has Simitar 


Resistor Protection 


(_ ) Number of Relays 


For Systems 600 Volts and 
Required 


Below Other Types of 
Grounding May Be Applicable 


Applicable to Small Generators: 


1) 0-500 KVA (Below 5 Kv) 
2) 5OO-1000KVA (Below 2.4 Ky) 


Figure 6-25: Recommended Protection for Smali Generators as 
Used in Industrial Plants. 


XVI. BUS TRANSFER SYSTEMS FOR STATION 
AUXILIARIES 


Automatic transfer of highly essential station auxiliary 
loads such as boiler feed pumps and induced draft fans is 
common practice. Paralleling the normal and emergency 
sources is not generally recommended, however, because 
the higher breaker interrupting duties involved can cause 
problems, as can circulating currents between systems. The 
transfer scheme requires interlocks to prevent paralleling of 
the supply sources. Transfers should not be made if voltage 
in the alternate supply is not satisfactory or the load cir- 
cuits are faulted. Also, supply breaker tripping should be 
delayed long enough to permit fault sectionalizing in the 
load circuits. An example of a transfer scheme using type 


CP polyphase voltage relays is shown in Figure 6-26. 


Single Line Schematic 


Voltage 
Transformer 


Main 
Supply 


m) (A 


Alternate 
Supply 


Voltage 
Transformer 


Voltage Léadé Device Number Chart 


Transformer 47 +Type CP Relay 
27 ~=-Type SV Relay 
86R_ -Fault Relay 

Lockout Auxiliary 


Control Schematic 


Contact Close if: 


Positive 
47M <————— Main Supply Fails 
47A <————— Alternate Supply is Satisfactory 
27 <—— Bus Voltage Low 
se 86R <—————— Fault Relays Have Not Operated 
- 52B <————— Main Supply Breaker Open 


Alternate Supply Breaker Open 


Close Breaker A 


Figure 6-26: Bus Transfer Scheme Utilizing Polyphase Voltage 
Relays. 
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I, INTRODUCTION 


Motor protection is far less standardized than is generator 
protection. Although the National Electric Code and NEMA 
Standards specify basic protection requirements, they do not 
fully cover the many different types and sizes of motors and 
their varied applications, There are many other schemes, all 
of which offer different degrees of protection. As with gen- 
erator protection, the cost and the extent of the protective 
system must be weighed against the potential hazards. The 
size of the motor and the type of service will also influence 
the type of protection required. 


Motors must be protected against one or more of the follow- 
ing hazards: 


a. Faults in the windings or associated circuits 
b. Excessive overloads 

c. Reduction or loss of supply voltage 

d. Phase reversal 

e. Phase unbalance 

f. Out-of-step operation for synchronous motors 
g. Loss of excitation for synchronous motors 


Protective relays applied for one hazard may operate for 
others, For example, a relay designed to operate on an ex- 
cessive overload could also protect against a fault in the 
windings. 


Protective devices may be installed on the motor controllers 
or directly on the motors, The protection is usually in- 
cluded as part of the controller, except for very small 
motors, which have various types of built-in thermal pro- 
tection. 


Motors rated 600 V or below are generally switched by con- 
tactors and protected by fuses or low voltage circuit break- 
ers equipped with magnetic trips. Motors rated from 600 to 
4800 V are usually switched by a power circuit breaker or 
by a contactor (often supplemented by current-limiting 
fuses to accommodate higher interrupting requirements). 
Motors rated from 2400 to 13,800 V are switched by power 
circuit breakers, 


be Mes Tie ett 
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While protective relays may be applied to a motor of any 
size or voltage rating, in practice they are usually applied 
only to the larger or higher voltage motors. 


Il. PHASE-FAULT PROTECTION 


The phase-fault current at the terminals of a motor is usually 


considerably larger than any normal current, such as start- 
ing current or the motor contribution to a fault. For this 
reason, a high-set instantaneous-trip unit is recommended 
for fast, reliable, inexpensive, simple protection. Where the 


starting current value approaches the fault current, however, 


some form of differential relaying becomes necessary. The 
sensitivity of the differential relay is independent of start- 
ing current; while instantaneous-trip units, which respond 
only to phase current, must be set above the starting cur- 
rent (including dc offset), This difference is shown in Fig- 
ure 7-1, 


Phase Fault 


Note: 

In This Case Coverage 

by IT is Very Slight. 
Starting Current 


IT Igg Min 
Iie (Locked Rotor Current) 


ee 7 


Supply 
Transformer 


Use Differential Relay Where Motor KVA Rating 
>} Supply Transformer KVA (i.e. Where Igg <3 XI. p) 


Figure 7-1: Comparison of Sensitivities of Type CA Differential 
Relay and IT Instantaneous Trip Unit. 


To allow for fault resistance and different types of faults 
and to assure twice pickup on the unit for minimum fault, 
the instantaneous phase relay pickup should be set at less 
than one-third of 1, e where I, ¢ is the system contribution, 
excluding the motor contribution, to a symmetrical, three- 
phase fault on the motor feeder. Also, pickup should be 


set at 1.6 times IR or more, where IiR is the actual sym- 
metrical starting current, as limited by source impedance. 
The ratio I3g/ILR should thus be greater than approxi- 
mately 5.0. 


In general then, instantaneous trip units can be used for 
phase protection if the motor kVA (or approximately the 
horsepower) is less than one-half the supply transformer 
kVA. If not, differential relays are required for sensitive 
fault detection. 


The logic for this criterion comes from the following. As- 
sume a motor is connected to a supply transformer with 
8% impedance. The maximum fault current at the trans- 
former secondary with an infinite source is: 


- it 
139 “9g 


= 12.5 per unit on the transformer base. 
The maximum motor starting current in this case is 


aera! ele 
"LR (08 +Xy) 


where Xu is the motor impedance. 


I 
In order that 20 >5, Xu must be greater than 0.32 per 
ILR 


unit on the transformer rated kVA base. 


If the motor has a full-voltage starting current of six times 
full load, then ban = 1/6 = .167 on the motor rated kVA 
base. With a motor kVA of 1/2 the transformer kVA, Xin 
of 0.167 would be 0.333 on the transformer base, and 
greater than 0.32. Clearly, this rule of thumb should only 
be apptied where there is no appreciable deviation from the 
parameters assumed above. 


Ill. GROUND-FAULT PROTECTION 


A solidly grounded system may be protected by an inverse, 
very inverse, or short-time induction relay connected in the 
current transformer residual circuit. Fora solid fault at the 
machine terminals, a typical setting is one-fifth of the min- 
imum fault current. Time dial settings of around one give 
operations of 4 to 5 cycles at 500% pickup when the CO-2 
telay is used. 


During across-the-line starting of large motors, care must be 
taken to prevent the high inrush current from operating the 
ground relays. Unequal saturation of the current transform- 
ers produces a false residual current in the secondary or re- 
lay circuits. Using two- rather than three-phase relays or 
using three-phase relays with different impedances will tend 
to increase the effects of false residual currents. 


False relay operation is unlikely if the phase burdens are 
limited so that the voltage developed by the current trans- 
former during starting is less than 75 percent of the relay- 
ing accuracy voltage rating of the current transformer for 
the particular ct tap being used. If false relay operation is 
a problem, the ground relay burden should be increased by 
using a lower relay tap. All three transformers will then be 
forced to saturate more uniformly, effectively reducing the 
false residual current. This increased saturation may reduce 
the sensitivity to legimate ground faults and this should be 
checked, Alternatively, a resistor or reactor can be con- 
nected in series with the ground relay. 


The common practice in 2400-to-14,400-V station service, 
and in industrial power systems, is to use low resistance 
grounding. By using the “doughnut current transformer” 
scheme, such systems offer all the advantages of instanta- 
neous trip units--speed, reliability, simplicity, low cost— 
without any concern for starting current, fault contribu- 
tions by the motor, false residual current, or high sensitiv- 
ity. 


Figure 7-2: BYZ Ground Relaying Scheme. 


Figure 7-2 shows how the BYZ zero sequence type current 
transformer can be used as a supply for the SO(ITH) instan- 
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taneous trip unit or 51 (CO) time overcurrent relay. Typical 
sensitivities obtainable with these ground-fault protection 
systems are shown in Table 7-1, repeated below. A voltage 
is generated in the secondary winding only when zero se- 
quence current is flowing in the primary leads. Since virtu- 
ally all motors have their neutrals ungrounded, no zero se- 
quence current can flow in the motor leads unless there is a 
ground fault on the load side of the BYZ. If surge-protec- 
tive equipment is connected at the motor terminals how- 
ever, current may be conducted to earth by this equipment. 
To date, there has been no reported case of an instantane- 
ous relay connected to a BYZ current transformer tripping 
because of surge-protective equipment. The presence of 
such equipment may safely be ignored in choosing a relay. 


Table 7-1 


Relay Settings and Sensitivities Using the 
50/5 BYZ Zero Sequence Current Transformers 


Maximum Primary 31, 
Amperes for Accurate 
Timing and Coordination 


Relay 
Setting 


Minimum Sensitivity in 


Relay Type Primary 31, Amperes 


+(4-3/4 ID)|#(7-3/4 ID)| +(4-3/4 ID) | #(7-3/4 ID) 


ITH 0.25 - = 

CO-8 or 9 0.5 10.0 25 112 
CO-8 or 9 2.5 24.0 24.0 540 1215 
cO-11 0.5 6.0 7.0 70 150 
CON} 2.5 24.0 | 24.0 | 700 { 900 


+ 4-3/4 ID and 7-3/4 ID are the inside diameter of the window in inches. 


The zero sequence type current transformer is also used in 
the flux balancing differential scheme, in which each phase 
is equipped as shown in Figure 7-3. This scheme combines 
excellent phase- and ground-fault sensitivity with freedom 

from load current and starting current problems. 


For high resistance grounded systems, where very high sensi- 
tivity is required, the CWP-1 directional ground relay should 
be considered. The voltage across the transformer ground- 
ing resistor may be used as a voltage polarizing source (Fig- 
ure 7-4), The relay has a sensitivity of 7 mA at 69 volts. 
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Figure 7-3: Flux Balancing Differential Scheme. 


This is at the maximum torque angle where the current 
leads the polarizing voltage by 45 degrees. The CWP-1 di- 
rectional ground relay is intended for use only on high re- 
sistance grounded systems. 


Station Bus 


Trip Direction 


Grounding 
Resistor 


Alternate Ac Current 
}1 Circuit With Either Ring 
or Conventional Type 
Current Transformers 


Trip Direction 


Positive 


IV. LOCKED-ROTOR PROTECTION 


A rotating motor dissipates far more heat than a motor at 
standstill, since the cooling medium flows more efficiently. 
When full voltage is applied, a motor with a locked rotor is 
particularly vulnerable to damage because of the large 
amount of heat generated. 


If the time required for the motor to accelerate the load is 
significantly less than the permissible locked-motor time, 
the motor can be effectively protected using conventional 
time-over-current relays (Figure 7-9c). If, however, there is 
little difference in the two time periods, or if the starting 
time exceeds the locked-rotor time (Figure 7-5), other con- 
siderations must be taken into account. 


For the case shown in Figure 7-5, it is tempting to try to fit 
an overcurrent relay characteristic between the two curves. 
It should be remembered, however, that the conventional 
overcurrent relay characteristic is a plot of operating time 
against sustained current, whereas the starting characteristic 


-3Vq 
(Reference) 


Maximum 
Torque Line 


Alarm (Alternate Connection) 
Current Should Not Exceed 
0.25 Amp 


Contact 
Closing 
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Figure 7-4: Typical Connections of The Product Type CWP-1 (32N) for High Resistance Grounded Systems. 
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\ 
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Figure 7-5; Motor Starting Time Exceeding Permissible Locked 
Rotor Time. 


is a trace of current against time (Figure 7-6). If IiR is ap- 
plied to the CO relay for time tas the contacts are very 
nearly closed. Current does not drop below the CO pickup 
value until time ty: Contact closure occurs at some point 
t,, even though the CO relay characteristic is always above 
the current trace. 


CO Characteristic (51) 


CO Contacts Close 


CO Contacts Very 
Nearly Closed Here 


Current Trace 


\ 


CO Pick-up 


Figure 7-6: CO Characteristic Compared to Current Trace. 


Over a narrow range, such as that between two and three 
times pickup, a CO relay can be assumed to operate if the 
integral of (I- 1)" dt exceeds K, where I is the multiple of 


pickup, and n and K are constants that depend on the re- 
lay type and on the time dial setting. If a linear-linear plot 
of (1- 1)" and tis used, a varying current and time can be 
compared with the relay characteristic on an area basis. In 
Figure 7-7, for example, the CO relay contact will not close 
if the current drops below the CO pickup before area A 
equals area B. 


Linear-Linear Plot 


CO Characteristic (51) 


Current 


CO Pick-up 
(I1-1)"Scale 


TLR Current 


Figure 7-7: Area Comparison. 


An alternative solution to locked-rotor problems for large 
motors is to use a distance relay and timer. The impedance 
of the motor will remain fixed (low at low power factor) if 
the motor does not accelerate. If the motor accelerates, 
both the impedance and the power factor will increase (Fig- 
ure 7-8). The impedance of a motor with a locked rotor is 
essentially independent of terminal voltage, and, as the 
motor accelerates, its impedance changes as indicated. This 
change of impedance with motor acceleration makes the 
distance relay particularly well suited to this application. It 
also affords time-delayed backup protection for three-phase 
faults and instantaneous backup protection for two-phase 
and the ground faults. 


If neither of the above schemes is applicable to a motor 
which has a starting time greater than the allowable locked- 
rotor time, a mechanical zero-speed switch may be used... __.. 
This device supervises an overcurrent unit and prevents its 
operating a timer once rotation is detected. This scheme 

will not detect a failure to accelerate to full speed nor pull- 


out with continued rotation, as the other two schemes will. 
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Figure 7-8: KD-10 Distance Relay (21) Used for Locked Rotor 
and Backup Protection for Large Motor. 


V. OVERLOAD PROTECTION 


Heating curves are difficult to obtain and vary considerably 
with motor size and design. Further, these curves are an ap- 
proximate average of an imprecise thermal zone, where vary- 
ing degrees of damage or shortened insulation life may oc- 
cur. It is difficult, then, for any relay design to approximate 
these variable curves adequately over the range from light 
sustained overloads to severe locked-rotor overload. 


Thermal overload relays offer good protection for light and 
medium (long-duration) overloads, but may not for heavy 
overloads (Figuke 7-9a). The long-time induction overcur- 
rent relay offers good protection for the heavy overloads, 
but overprotects for light and medium overloads (Figure 
7-9b). A combination of the two devices provides complete 
thermal protection (Figure 7-9c). 


The National Electric Code requires that an overload device 
be used in each phase of a motor “unless protected by other 
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Figure 7-9: Typical Motor and Relay Time Current Characteristics. 


approved means.” This requirement is necessary because 
single phasing (opening one supply lead) in the primary of a 
delta-wye transformer that supplies a motor will produce 
three-phase motor currents in a 2:1:1 relationship. If the 
two units of current appeared in a phase with no overload 
device, the motor would be unprotected. Thus, the NEC re- 
quires three overload devices, or two overload devices and 
an approved substitute, such as a CM or CVQ relay. 


VI. THERMAL RELAYS 


There are two types of thermal relays. Those such as the 
CT and DT-3 operate from exploring coils embedded in the 
machine windings. They are applied only to large motors, 
usually 1500 HP and up, where exploring coils are available 
when specified. Replica-type thermal overcurrent relays, 
such as the BL-1, operate directly from the current drawn 
by the machine. 


VLA. CT and DT-3 Relays (49) 


The CT and DT-3 are bridge-type relays. The exploring 
coils form part of a Wheatstone Bridge circuit, which is bal- 
anced at a given temperature. As the motor temperature in- 
creases above the balance temperature, operating torque is 
produced (Figures 7-10 and 7-11). With the DT-3 relay, 
only one resistance temperature detector (RTD) (10 ohm, 
100 ohm, or 120 ohm) or exploring coil is required; the CT 
relay requires two (10 ohm only). 


Resistance Temperature Detector in Machine Windings 


Figure 7-10: Typical Schematic of The Type DT-3 Relay (49) for 
Motor Overload Protection. (It's Advantages are Good 
Protection for Overload, Blocked Ventilation and High Ambient 
Temperature Operation.) 


The CT operating unit is an induction disc, with the two 
torque-producing windings konnected across the bridge. Cur- 
rent flowing through a current transformer from one phase 
of the machine supplies energy to the bridge. The relay con- 
tacts close when the temperature of the stator windings 
reaches a predetermined value and the current is sufficiently 
high. Tripping on thermal overload is also avoided if the 
duration of the overload is short. 
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The DT-3 relay is a d’Arsonval-type dc contact-making mil- 
liammeter which is connected across the bridge. The bridge 
is energized by either 125 or 250 Vdc or supplied with 120 
Vac through a transformer and full-wave bridge rectifier in 
the relay. The relay scale is calibrated from either 50° to 
190°C (or 100° to 160°C). The right- or left-hand con- 
tacts close when the temperature rises or falls to the preset 
value between 50° and 190°C (or 100° and 160°C). The 
normal setting for class B machines is 120°C. 


No current-responsive relay can protect a motor subjected 
to blocked ventilation. The DT-3 relay overcomes this 
shortcoming by responding to temperature alone. 


VI.B. Thermal Replica Relays 


The replica-type relays (BL-1) are designed to replicate, 
within the relay operating unit, the heating characteristics 
of the machine. Thus, when current from the current trans- 
former secondary passes through the relay, its time- 
overcurrent characteristic approximately parallels that of 
the machine capability curve at moderate overload. 


Extreme variations in load, such as jogging, produce a dif- 
ficult relaying problem. In general, thermal replica relays 
cool at a different rate from the motor they protect. Varia- 
tions in load may produce a ratcheting effect on the relay 
and cause premature tripping. Neither the DT-3 nor the 
CT relay is susceptible to this problem. 


Since motor insulation can support temperature in excess 
of its rating for a short time, temperature sensitivity is not 
the ultimate criterion of relay capability. Where wide load 
variations are expected, the CT relay is preferred to the rep- 
lica type, because there must be overtemperature and over- 
current simultaneously for tripping to take place. As the 
time curves of Figure 7-11 show, the CT relay will tolerate 
the allowable loading condition, whereas a relay solely re- 
sponsive to temperature would trip off the motor. 


The thermal replica relay is recommended where embedded 
temperature detectors are not available; the bridge-type re- 
lays are recommended where they are. The BL-1 replica- 
type relay is temperature compensated and operates in a 
fixed time at a given current, regardless of relay ambient 
variations. While this characteristic is desirable for the 
stated conditions, it produces underprotection for high 
motor ambient and overprotection for low motor ambient. 
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Figure 7-11: Typical Schematic and Operating Characteristics 
for The Type CT Relay (49) for Motor Overload 
Protection. (\t's Advantages are Good Protection for 
Overload Jogging Operation.) 


VII. COM RELAYS (50/51) FOR OVERLOAD 
PROTECTION 


COM relays are often used where an alarm is desirable for 
moderate overloads, or where a high speed transfer of power 
supply is applied. 


Figure 7-12 shows the dc schematic and time curves for the 
COM-5 relay with alarm function. The alarm sounds at cur- 
rents above the CO unit pickup and below the ITH pickup 
(instantaneous trip with high drop-out). Time-delayed trip- 
ping occurs above the ITH pickup and below the IIT pickup 
(indicating instantaneous trip). If the current drops before 
the CO unit times out, the high drop-out ratio of the ITH 
permits the unit to reset. For fault currents above the IIT 
unit pickup, high speed tripping occurs. 


The COM-5 relay shown in Figure 7-13 contains a six-cycle 
timer. Moderate overloads up to the ITH pickup cause CO 
unit tripping with time delay; above ITH pickup, six-cycle 
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Figure 7-12: Protective Scheme for Large Motor Using COM-5 
Relay (50-51) With Alarm. 


delayed tripping occurs. The six-cycle delay produces a 
dog-leg in the tripping characteristic, permitting a very large 
transient current for a short time without tripping. Immedi- 
ate reenergization of a motor from a second source, follow- 


ing loss of an original power supply, can produce such tran- 
sients. 


For heavy faults, the IIT unit provides instantaneous trip- 
ping. 

VIN. LOW VOLTAGE PROTECTION 

Low voltage prevents motors from reaching rated speed on 


starting, or causes them to lose speed and draw heavy over- 
loads. Motors should be disconnected when severe low 
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Figure 7-13: Protective Scheme for Large Motor Using COM-5 
Relay (50-51) With Timer. 


voltage conditions persist for more than a few seconds. Ac 
contactors, which generally release at 50 to 70 percent of 
rated voltage, provide some low voltage protection. How- 
ever, time-delayed undervoltage protection is preferred, 
since it delays contactag release on momentary voltage dips. 
For switchgear applications, the CV (27), CP (27/47) or 
CVQ (27/47) relays will accurately detect undervoltage and 
initiate a trip or an alarm, as required. 


IX. PHASE-ROTATION PROTECTION 


Where starting in reverse can be a serious hazard, a reverse- 
phase relay, such as the type CP (27/47) or CVQ (27/47), 
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should be applied. These induction-type relays close their 
back contacts with abnormal phase sequence voltages. The 
low voltage contacts, which close by spring action, are the 

trip contacts. If the phase rotation is correct, and all three 
voltages are present, the low voltage contact opens and re- 
mains open. If the applied voltages are sufficiently unbal- 

anced, the relays will operate. 


X. NEGATIVE SEQUENCE VOLTAGE RELAY 


The CVQ (27/47) relay contains a negative sequence voltage 
unit that operates as shown in Figure 7-14. A negative se- 
quence voltage network, as described in Chapter 3 (Figures 
3-9 and 3-10), energizes an induction-disc voltage unit, V2. 
If a three-phase voltage applied to the relay contains 5 per- 
cent (adjustable to 10 percent) negative sequence content 
or more, the negative sequence unit (V2) operates. A back 
contact of the negative sequence unit opens a CV-7 under- 
voltage unit coil circuit, and, after a time delay, the con- 
tacts of the undervoltage unit initiate tripping or sound an 
alarm. This relay operates for 


a. reverse-phase rotation (100% negative sequence) 
b. unbalanced voltage (partial negative sequence) 


c. undervoltage (no negative sequence) 
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b). Unbalanced Voltages 
c). Single Phased Supply 


Figure 7-14: Simplified Schematic Diagram of The CVQ (27/47) 
Negative Sequence Voltage Relay. 
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The CVQ relay is recommended for all important busses sup- 
plying motor loads. 


While the CVQ relay can detect single phasing of the supply 
to even a single, lightly loaded large motor, it does not re- 
‘spond to single phasing between the point of application of 
the CVQ and the motor. Very low negative sequence volt- 
age is produced on the source side of the open phase. For 
practical purposes, the voltage unbalance occurs only on 
the load side of an open phase. A phase-balance-current 
relay is preferred for detecting a feeder circuit open phase. 


Figure 7-15 shows one type of CVQ relay that responds 
only to negative sequence voltage (not undervoltage). The 
six-cycle timer prevents operation for non-simultaneous 
pole closure of the supply breaker, 52-1. 
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Figure 7-15: External eget of The CVQ Relay Used for Tripping 
on Negative Sequence Voltage Only. 


XI. PHASE-UNBALANCE PROTECTION 


Phase-unbalance protection is applied to a feeder supplying 
a large motor or a group of small motors, where there is a 


possibility of one of the feeder phases opening as a result of 
a connector failure, fuse failure, or similar cause. The type 
CM (46) relay, which contains two induction-disc units 
(Figure 7-16), is recommended for these applications. One 
unit balances I Fi against ly 
against I When the currents become sufficiently unbal- 
anced, torque is produced in one or both of the units, clos- 
ing their contacts (which are connected in parallel in the 
trip circuit). 
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Figure 7-16: The Type CM Phase Unbalance Relay (46). 


One relay can protect many motors subject to collective 
single phasing. In addition, one CM relay may protect up to 
five motors subject to individual single phasing, depending 
on how the motors are operated and on their relative sizes. 
For example, the relay will not operate if a motor with a 
rating of one-fifth of the total feeder load is subject to 
single phasing while unloaded and while the remaining mo- 
tors are fully loaded. The CM relay has 7 amp continuous 
capability and operates when the unbalance exceeds ap- 
proximately 10 to 15 percent between 2 and 7 amp. With 
no current present in one current circuit, and with 1 amp in 
the other, the relay operates (on the 1 amp tap). 


XH. NEGATIVE SEQUENCE CURRENT RELAYS 


The POQ (46) negative sequence overcurrent relay provides 
sensitive phase unbalance detection. It can be set for nega- 
tive sequence current of 0.5 to 2.5 amp; a 0.2-to-1.0-amp 
range is also available. The relay must always be used with 
an external timer in this application to avoid operating on 
the motor contribution to external unbalanced faults. In 
general, the POQ relay is too sensitive for this application 
and should not be applied without considering the normal 
unbalance in motor phase currents. 


No standards have been established for the it short-time 
capability of a motor, although 1,7 = 40 is regarded asa 
conservative value. (I, is the per-unit machine negative se- 
quence current; t is the time in seconds.) 


The COQ (46) relay, designed to protect generators against 
prolonged contribution to external unbalanced faults, pro- 
vides the same protection for motors. However, prolonged 
load current unbalance, caused by an open-phase or unbal- 
anced supply voltage, represents a more serious hazard for 
motors. The COQ is not recommended for use to limit 
heating caused by unbalanced current flow. A motor pro- 
tected by a COQ relay may be damaged if the negative se- 
quence current is less than 0.6 of tap value (the minimum 
operating level of the COQ). For protecting motors against 
unbalanced currents, the CM relay is generally preferred 
over either the POQ or COQ relays. 


XII. OUT-OF-STEP PROTECTION 


Out-of-step protection is applied to synchronous motors 
and synchronous condensers to detect pullout resulting from 


excessive shaft load or too-low supply voltage. The notching- 


type relay KSN, which counts the power reversals that oc- 
cur, is used for large machines. When seven reversals occur 
within a preset time, the relay operates, sounding an alarm 
or tripping the machine. The KSN, a duo-directional over- 
current relay, operates on e\ch pole slippage. The power 
reversals operate a counting chain of auxiliary relays in 
which the last relay operates after a total of 3-1/2 slip 


cycles. The timer can be adjusted between 0.5 and 10 sec- 
onds, and, unless the 3-1/2 slip cycles occur within this 
time, all the notching units are reset. 


Small synchronous motors with brush-type exciters are of- 
ten protected against out-of-step (or loss-of-excitation) op- 
eration by ac voltage detection devices connected in the 
field. No ac voltage is present when the motor is operating 
synchronously. 


XIV. LOSS OF EXCITATION 


Synchronous motors can be protected against loss of exci- 
tation by a low-set undercurrent relay connected in the 
field. This relay should have a time delay on drop-out to 
trip or to alarm the operator. The KLF (or KLF-1) relay 
(40) (described in Chapter 6) can also be used to protect 
large motors against loss of field. The undervoltage units 
of these relays should have their contacts shorted. Loss of 
excitation of a synchronous motor does not usually de- 
press the voltage enough to reliably operate an undervolt- 
age unit. 


Unlike undercurrent relays, the KLF (or KLF-1) relay can 
detect both partial and complete loss of field, and some 
out-of-step conditions as well. 


Both out-of-step and loss-of-excitation conditions can be de- 
tected with a CW watt-type relay (55), connected for zero 
torque when current lags voltage by an appropriate power 
factor angle, such as 30 degrees. Used in this way, the CW 

is referred to as a power factor relay. The connection shown 
in Figure 7-17 gives maximum contact closing torque when 
current lags its unity power factor position by 120 degrees. 


XV. TYPICAL APPLICATION COMBINATIONS 


Tables 7-II and 7-III and their associated Figures—(Figures 
7-18 and 7-19)—show typical application combinations for 
motor protection. Table 7-IV describes the additional com- 
ponents required for synchronous motor protection. 
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Figure 7-18: Typical Protection for Motors Below 1500 Horse- 
power. (See Table 7-II) 


Device Number 


Quantity 


Table 7-II 


Typical Protection for Motors Below 1500 HP 
(Figure 7-18) 


Description 


BL-1,2 unit with 2 IT’s 


CO-5, 1-12 A; with 
IIT 10-40 A 


CO-11, 4-12 A with 
IIT 10-40 A 


ITH, 0.25-0.50 A 
single unit 


CVQ, 5 to 10% V> 
sensitivity, 55-to-140-V 
range 


Typical Setting 


Set at full load for motor 
with 1.15 service factor 
and 90% of full load for 
1.00 service factor motor. 
IT set 2 times locked 
rotor. 


Current setting 1/2 locked 
rotor. Time delay set to 
give operating time > 
starting time. IT set 2 
times locked rotor. 


Low voltage 75% to 80%. 
V,= 5%. 


*ALTERNATE TO 50G WHERE BYZ CANNOT BE APPLIED 


SIN/SON 


CO-11, 0.5-2.5 A; 
with IIT 10-40 A 


Pickup 0.5 A, time 0.1 Sec. 
at IT setting. IT set 4 x 


Ipc: 
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Remarks 


Good overload protection. 


Locked-rotor protection when 
starting time > 30 Sec. 


Locked-rotor protection when 
starting time < 30 Sec. 


For use with 50/5 BYZ. 


Undervoltage, phase sequence, and 
unbalanced voltage protection, 


Provides ground protection. Time 
unit overrides false residual during 
starting. 


Table 7-III 


Typical Protection for Motors of 1500 HP and Up 
(Figure 7-19) 
Device Number Quantity Description Typical Setting Remarks 


DT-3, 50-190°C, specify] Set for motor max safe Overload protection: Blocked ven- 
ohms of RTD 120 Vac _ | operating temperature tilation or high ambient. 


CO-5, 1-12 A Current setting 1/2 Locked-rotor protection when 
locked rotor. starting time < 30. 


CO-11,4-12 A Time delay setting to Locked-rotor protection when 
give operating time > starting time < 30 Sec. 
starting time. 


SC, 2 unit, 20-80 A Set 2 times locked rotor. 
ITH, 0.25-0.5 A single 0.25 A. For use with 50/5 BYZ 
unit 


For Ipy > 3A: Set 2A. | Unbalanced current protection. 
For Ip, <3A: Set 1A. 


Undervoltage phase sequence, and 
unbalanced voltage protection. 

range Note: CP volt relay can be used in 
place of CVQ if all three-phase 
motors on bus are protected by CM 
relays. 


ITH, 0.25-0.5 A, 3 unit ; Provides phase and ground protec- 
tion. Use three 50:5 BYZ trans- 
formers. 50G still required for 
cable protection if BYZ at motor. 


*ALTERNATE TO 50 AND 87¢ 
USE WHERE MINIMUM 3¢ FAULT CURRENT AVAILABLE IS LESS THAN FIVE 
TIMES MOTOR STARTING CURRENT AND 87¢ CANNOT BE USED. 


** ALTERNATE TO 50G WHERE BYZ CANNOT BE APPLIED. 


SiN/SON — CO-11, 0.5 to 2.5 A, Pickup 0.5 A, time 0.1 Provides ground protection. 


with IIT 10-40 A. sec. at IT setting. IT set 
4 times full load. 


Table 7-IV 


Field Excitation Protection 
for 
Large Synchronous Motors 


Standard Device 


Function Function Number 


Synchronous speed 
device 


Field-failure relay 


Incomplete- 
sequence relay 


Relay Type 


Excitation-check 
relay 


Power-factor relay 


Field-application 
relay 


eee ba 


Chapter 8 


Transformer and Reactor 
Protection 


Author: H.J. Li 


I. Introduction 
II. Magnetizing Inrush 


A. Initial Inrush 
B. Recovery Inrush 
C. Sympathetic Inrush 


III. Differential Relays for Transformer Protection 


A. Differential Relays with Reduced Sensitivity to 
Inrush 
1. CA Transformer Differential Relay 
2. CA-26 Transformer Differential Relay 

B. Differential Relays with Harmonic Restraint 
1. HU and HU-1 Transformer Differential Relays 
2. HU-4 Transformer Differential Relay 
3. Modified HU Relays 


[V. General Guidelines for Transformer Differential 
Relaying 


V. Sample Checks for Applying Transformer Differential 
Relays 


A. Checks for Two-Winding Banks 
1. Phasing Check 
2. Ratio Check 


a. CA Relays 
b. CA-26 Relays 
c. HU Relays 


3. Current Transformer Performance Check 
B. Checks for Three-Winding Banks 

1. CA-26 Relays 

2. HU-1 Relays 


VI. Typical Applications of Transformer Differential 
Protection 


A. Differential Scheme with Harmonic Restraint 
Relay Supervision 

B. Differential Scheme with Resistor for 

Desensitizing 

Ground Source on Delta Side 

Three-Phase Banks of Single-Phase Units 

Protection of a Genérator-Transformer Unit 

Sudden-Pressure Relay (SPR) 

Overcurrent and Backup Protection 

Distance Relaying for Backup Protection 

Overcurrent Relay with HRU Supplement 
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VII. Typical Protective Schemes for Industrial and Com- 
mercial Power Transformers 


I. INTRODUCTION 


Differential relays are the principal form of fault protection 
for transformers rated at 10 MVA and above. These relays, 
however, cannot be as sensitive as the differential relays 
used for generator protection. Transformer differential re- 
lays are subject to several factors, not ordinarily present for 
generators, that can cause misoperation: 


a. Different voltage levels, including taps, which result in 
different primary currents in the connecting circuits. 


b. Possible mismatch of ratios among different current 
transformers. For units with ratio-changing taps, mis- 
match can also occur on the taps. Current transformer 
performance is different, particularly at high currents. 


c. A 30° phase-angle shift introduced by transformer wye- 
delta connections. 


d. Magnetizing inrush currents, which the differential relay 
sees as internal faults. 


Transformer protection is further complicated by a variety 
of equipment requiring special attention: multiple-winding 
transformer banks, zig-zag transformers, phase-angle regula- 
tors (PAR), voltage regulators, transformers in unit systems, 
and three-phase transformer banks with single-phase units. 


All the above factors can be accommodated by the combi- 
nation of relay and current transformer design, along with 
proper application and connections. Magnetizing inrush, 
the most significant variable in transformer protection, will 
be discussed first. 


VII. Remote Tripping of Transformer Bank 


IX. Protection of Phase-Angle Regulators and Voltage 
Regulators 


X. Zig-Zag Transformer Protection 
XI. Interconnected, Wye-Delta Transformer Protection 
XII. Protection of Shunt Reactors 


Shunt Reactor Applications 
Rate-of-Rise Pressure Protection 
Overcurrent Protection 
Differential Protection 

Reactors on Delta Systems 
Turn-to-Turn Faults 
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Il. MAGNETIZING INRUSH 


When a transformer is first energized, a transient magnetiz- 
ing or exciting current may flow. This inrush current, which 
appears as an internal fault to the differentially-connected 
relays, may reach instantaneous peaks of 8 to 30 times those 
for full-load. 


The factors controlling the duration and magnitude of the 
magnetizing inrush are: 


a. Size of the transformer bank 
b. Size of the power system 


c. Resistance in the power system from the source to the 
transformer bank 


d. Type of iron used in the transformer core and its satura- 
tion density 


e. Prior history, or residual flux level, of the bank 
f. How the bank is energized. 
If.A. Initial Inrush 


When the excitation of a transformer bank is removed, the 
magnetizing current goes to zero. The flux, following the 
hysterisis loop, then falls to some residual value op (Figure 
8-1). If the transformer were reenergized at the instant the 
voltage wave form corresponds to the residual magnetic den- 
sity within the core, there would be a smooth continuation 
of the previous operation with no magnetic transient (Figure 
8-1). In practice, however, the instant when switching takes 
place cannot be controlled and a magnetizing transient is 


practically unavoidable. 


Transformer Transformer 
Deenergized Reenergized 
at This Point at This Point 


Figure 8-1: Magnetizing Current When Transformers Were 
Reenergized at That Instant of The Voltage Wave Form 
Corresponding to The Residual Magnetic Density 
Within The Core. 


In Figure 8-2, it is assumed that the circuit is reenergized at 
the instant the flux would normally be at its negative maxi- 


mum value (-¢ ). At this point, the residual flux would 


max 
have a positive value. Since magnetic flux can neither be 


created nor destroyed instantly, the flux wave, instead of 


starting at its normal value (-¢ ) and rising along the dot- 


max 
ted line, will start with the residual value (op) and trace the 


curve Or: 


Transformer Transformer 
Deenergized Reenergized 
at This Point at This Point 


Figure 8-2: Magnetizing Current When Transformers Were 
Reenergized at The Instant When The Flux Would 
Normally be at its Maximum Value. 


Curve > is a displaced sinusoid, regardless of the magnetic 

circuit’s saturation characteristics. Theoretically, the value 
ar ; 

of aes ist (| %p |+2| eee |). In transformers designed 

for some normal, economical saturation density, * dg, the 


crest of bp will produce supersaturation in the magnetic cir- 


cuit. The result will be a very large crest value in the mag- 
netizing current (Figure 8-2). 


The residual flux, dp is the flux remaining in the core after 
the voltage is removed from the transformer bank. Since 
current continues to flow momentarily after the voltage is 
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removed, the flux will decrease along the hysterisis loop to a 
value of OR where i= 0. Because the flux in each of the 
three phases is 120° apart, one phase will have a positive bp 
and the other two a negative dp-or vice versa. Asa result, 


*Saturation density is the projected saturation flux in per unit of 
rated voltage flux. In physical terms, saturation density is the per 
unit value of the flux density at which the iron core starts to satu- 
rate. Saturation density is a function of the transformer design pa- 
rameters, such as KVA rating, loss, noise level, rated voltage, and so 
on. It is more easily determined, however, from the excitation 
curve. 


the residual flux may either add to or subtract from the 
total flux, increasing or decreasing the inrush current. 


A typical inrush current wave is shown in Figure 8-3. For 
the first few cycles, the inrush current decays rapidly. Then, 
however, the current subsides very slowly, sometimes taking 
many seconds if the resistance is low. 


Inrush Current 


Applied Voltage 


Figure 8-3: A Typical Magnetizing Inrush Current Wave. 


The time constant of the circuit (L/R) is not, in fact, a con- 
stant: L varies as a result of transformer saturation. During 
the first few cycles, saturation is high and L is low. As the 
losses damp the circuit, the saturation drops and L increases. 
According to a 1951 AIEE report, time constants for inrush 
vary from 10 cycles for small units to as much as one minute 
for large units. 


The resistance from the source to the bank determines the 
damping of the current wave. Banks near a generator will 
have a longer inrush because the resistance is very low. Like- 
wise large transformer units tend to have a long inrush as 
they represent a large L relative to the system resistance. At 
remote substations, the inrush will not be nearly so severe, 
since the resistance in the connecting line will quickly damp 
the current. 


In addition to the conditions which influence single-phase 
inrush, the wave shape of the inrush current into a delta 
winding is influenced by the number of cores affected and 
by the vector sum of the currents from the bank windings. 
First, more than one core may experience an inrush. Since 
the inrush current peaks in each of the cores will be out-of- 
phase by 60°, or a multiple of 60°, the normal shape of a 
single-phase inrush will be distorted. The net wave could, in 
fact, become oscillatory (Figure 8-4). Second, the shape of 
a polyphase or a single-phase inrush to a delta winding is af- 
fected by the nature of the line current itself, which is the 
vector sum of two currents from the bank windings. Assum- 
ing that only one core has saturated, the nature of the line 
current can result in either oscillatory waves or the distor- 
tion of the single-phase shape. 
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Figure 8-4: Typical Magnetizing Inrush Current Wave that can 
Exist in One of The Phases to a Delta Connection or in 
The Secondary of Delta Connected Current 
Transformers. 


Where there is more than one delta winding on a transformer 
bank, the inrush will be influenced by the coupling between 
the different voltage windings. Depending on the core con- 
struction, three-phase transformer units may be subject to 
interphase coupling that could also affect the inrush current. 


Similar wave shapes would be encountered when energizing 
the wye winding of a wye-delta bank, or when energizing an 
autotransformer. Here, the single-phase shape would be dis- 
torted as a result of the interphase coupling produced by 
the delta winding (or tertiary). 


Maximum inrush will not, of course, occur on every ener- 
gization. The probability of energizing at the worst condi- 
tion is relatively low. Energizing at maximum voltage will 
not produce an inrush with no residual. In a three-phase 
bank, the inrush in each phase will vary appreciably. 


The maximum inrush for a transformer bank can be calcu- 
lated from the excitation curve if available, and Table 8-I 
shows a typical calculation of an inrush current. 


From these calculated values it can be seen that: 


a. The lower the value of the saturation density flux, 9g; 
the higher the inrush peak value. 


b. The maximum phase-current inrush occurs at the zero- 
degree closing angle (i.e., zero voltage). 


. . . oO Ps 
c. The maximum line-current inrush occurs at +30” closing 
angle. 


Table 8-I 


Typical Inrush Current Calculation 


Closing | Peak Value of Inrush Current Wave (p.u.) 
Angle |T,. Ty Ic la-ly Ib-le Iola 


-4.67 |-10.20 
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Because of the delta connection of transformer winding or 
current transformers, the maximum line-current inrush value 
should be considered when applying current to the differen- 
tial relay. 


II.B. Recovery Inrush 


An inrush can also occur after a fault external to the bank is 
cleared and the voltage returns to normal (Figure 8-5). Since 
the transformer is partially energized, the recovery inrush is 

always less than the initial inrush. 


@-HE 


Inrush After Breaker C 
Tripped And Voltage Recovers External Fault 


Trip Breaker C 


Figure 8-5: Recovery Inrush After an External Fault is Cleared. 
II.C. Sympathetic Inrush 


When a bank is paralleled with a second, energized bank, the 
energized bank can experience a sympathetic inrush. The 
offset inrush current of the bank being energized will find a 
parallel path in the energized bank. The d-c component 
may saturate the transformer iron, creating an apparent in- 
rush. The magnitude of this inrush depends on the value of 
the transformer impedance relative to that of the rest of the 
system, which forms an additional parallel circuit. Again, 
the sympathetic inrush will always be less than the initial 
inrush. 


As shown in Figure 8-6, the total current at breaker C is the 
sum of the initial inrush of bank A and the sympathetic in- 
rush of bank B. Since this wave form looks like an offset 
fault current, it could cause misoperation if a common set 
of harmonic restraint differential relays were used for both 
banks. 


Unit-type generator and trangormer combinations have no 
initial inrush problem because the unit is brought up to full 
voltage gradually. Recovery and sympathetic inrush may be 
a problem, but, as indicated above, these conditions are less 
severe than initial inrush. 


Closed 


Total 


Initial Inrush Current at A 
Current at C 


Sympathetic 
Inrush Current at B 


Figure 8-6: Sympathetic Inrush When a Bank is Paraileled With a 
Second Energized Bank. 


I. DIFFERENTIAL RELAYS FOR | 
TRANSFORMER PROTECTION | 


Since the differential relays see the inrush current as an in- 
ternal fault, some method of distinguishing between fault 
and inrush current is necessary. Such methods include: 


a. A differential relay with reduced sensitivity to the inrush 
wave (such units have a higher pickup for the offset 
wave, plus time delay to override the high initial peaks) 


b. A harmonic restraint or a supervisory unit used in con- 
junction with the differential relay 


c. Desensitization of the differential relay during bank en- 
ergization. 


III.A. Differential Relays with Reduced Sensitivity 
to Inrush 


Itl.A.t. CA (87) Transformer Differential Relay 


The CA transformer differential relay has reduced sensitivity 
to magnetizing inrush. There are many such relays in suc- 
cessful service. 


The CA relay consists of a percentage differential unit and 
an indicating contactor switch. The percentage differential 
unit, an induction disc type, has an electromagnet with poles 
above and below the disc (Figure 8-7). There are two re- 
straint coils on the lower left-hand pole; an operating coil is 
wound on the lower right-hand pole. Both the left- and 
right-hand poles have transformer winding, connected in 
parallel to supply current to the upper pole windings. 


Restraint Winding § 


Continual IOAmp 4 

P Operating 

5S Winding 
Continued 


Restraint Winding : Rating 5Amp 


Continuing !OAmp § 


Figure 8-7: Type CA Transformer Differential Relay. 


The upper-pole current generates a flux in quadrature with 
the lower-pole resultant flux, and the two fluxes react to 
produce a torque on the disc. Under normal load or in ex- 
ternal fault, the currents in the two restraint windings flow 
in the same direction. These restraining currents are equal 
(or effectively equal) if auto-balance taps are used to com- 
pensate for mismatch in current transformer ratios—and if 
no significant current flows in the operating coil winding 
(Figures 8-8 and 8-9). Asa result, only contact-opening 
torque is produced. If the taps are mismatched or if the 
main current transformers saturate unequally on severe ex- 
ternal faults, the effective difference between the currents in 
the two restraining windings must flow in the operating coil. 


The operating coil current required to overcome the re- 
straining torque and close the relay contacts is a function of 
the restraining current. For an internal fault, the restraining 
currents are opposite, and restraining torque tends to cancel 
out. The more sensitive operating coil, however, is energized 
by the sum of the two currents. Asa result, a large amount 
of contact-closing torque is produced. 


The CA transformer relay is similar to the CA generator re- 
lay. It differs from the generator type in having a 50 per- 
cent unbalance characteristic, a minimum trip current of 
2.75 A, and taps that permit a 2:1 difference in the ratio of 
the main current transformer outputs. The taps are 5-5, 
5-5.5, 5-6.6, 5-7.3, 5-8, 5-9, and 5-10. The 5-10 tap is used 
when the ratios would allow the relay to balance on a 
through current with 5 and 10 A. In this case, the current 
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Operating Coil 


-—>10 
Restraint Coils 


Figure 8-8: Distribution of Currents in The Type CA Relay Set on 
The 5-10 Taps. 


Figure 8-9: Distribution of Currents in The Type CA Relay Set on 
The 5-8 Tap for Example of Figure 8-14. 


distribution is as shown in Figure 8-8. Current distribution 
with the 5-8 tap is shown in Figure 8-9. In all cases, the net 
ampere-turns in the operating winding cancel, producing no 
operating torque for external faults and loads. 


In applying the relay, the current transformer ratio error 
should not exceed 10 percent during maximum symmetrical 
external fault current. The relay’s 50 percent characteristic 
satisfactorily handles up to 35 percent of current mismatch, 
including the transformer tap changing on load and current 
transformer mismatch. 


The relay’s restraining windings have a continuous rating of 
10 A; the operating coil has a continuous rating of 5 A. To 
prevent overloading the operating winding, however, no 
more than 5 A should be allowed in the untapped restrain- 
ing winding. Although currents of 10 and 6.85 A, for ex- 
ample, would have the proper ratio for the 5-7.3 taps, 

6.85 A would flow in a portion of the 5-A operating coil if 
these taps were used. 


Induction relays such as the CA are relatively insensitive to 
the high percentage of harmonics contained in magnetizing 
inrush current. This lack of sensitivity, together with an op- 
erating time of about 5 to 6 cycles, make the CA relay ap- 
propriate for many transformer applications. The CA relays 
will only operate on inrush currents in extreme cases, such 
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as a large transformer adjacent to a large generating source. 
Type CA relays can be used with two-winding transformer 
banks if the magnetizing inrush is not severe. 


III.A.2. CA-26 (87) Transformer Differential Relay 


The CA-26 relay is similar to the older CA-6, except for its 
built-in, fixed-tap autotransformer in the operating circuit. 
It also has a minimum pickup current of 1.25 A and a higher 
continuous rating of 14 A for the restraining windings. Its 
characteristic is equivalent to the CA-6 on tap 38. 


CA-26 relays have a variable percentage characteristic: per- 
centage is low on light faults, where the current transformer 
performance is good, and high on heavy faults, where cur- 
rent transformer saturation may occur. The variable per- 
centage characteristic is obtained via the saturation trans- 
former in the operating circuit. This transformer also tends 
to shunt the d-c component away from the operating coil. 


The CA-26 relay consists of an induction-type differential 
unit, a dc-indicating contactor switch, and an optional ac- 
indicating instantaneous trip unit. The induction-type dif- 
ferential unit contains four electromagnets, operating on 
two discs fastened to a common shaft (Figure 8-10). Of the 
electromagnets, one is the operating element and the other 
three are restraint elements. On the center leg of each re- 
straint electromagnet are two primary coils and a secondary 
coil; primary coils are energized from the secondaries of the 
current transformers connected to the bank to be protected. 


A 5-A current in the restraint coil will produce restraining 
torque. The same 5-A current flowing in two restraint coils 
of the same restraint electromagnet will have either additive 
or subtractive restraining effect, depending on the polarity 
of the connection (Figure 8-10c). 


a) 4Electromagnets Operating 
on Two Discs Which are 
Fastened to The Same Shaft. 


Figure 8-10: Type CA-26 Transformer Differential Relay. 


b) Each Restraint Electromagnet 
With 2 Primary Coils and a 

Secondary Coil on its Center Leg 
(Secondary Coil not Shown). 


The CA-26 relay is well suited to protect transformer banks 
not subject to severe magnetizing inrush, particularly if 
more than two restraining circuits are needed. The relay has 
no built-in taps and generally requires auxiliary current 
transformers for current matching. Operating time of its 
main unit is 2 to 6 cycles; no setting is required. 


The faster IIT-unit is recommended for transformer protec- 
tion in applications where internal fault current can exceed 
twice the maximum total current flowing through the dif- 
ferential zone for a symmetrical external fault. The IIT-unit 
should be set at 50 percent external fault current or at a 
value higher than transformer inrush current, whichever is 
greater. 


HI.B. Differential Relays with Harmonic Restraint 
IlI.B.1. HU and HU-1 Transformer Differential Relays 


Since magnetizing inrush current has a high harmonic con- 
tent, particularly the second harmonic, this second harmonic 
can be used to restrain, and thus desensitize a relay during 
energization. The method of harmonic restraint is not with- 
out its problems. There must be enough restraint to avoid 
relay operation on inrush, without making the relay insensi- 
tive to internal faults—which may also have some harmonic 
content. 


The HU (87) (two-winding) and HU-1 (87) (three-winding) 
variable-percentage differential relays have second harmonic 
restraint supervision that adequately solves these problems. 
The connections for these relays are shown schematically in 
Figure 8-11. In the differential unit, (DU) air-gap trans- 
formers feed the restraint circuits, and a non air-gap trans- 
former energizes the operating coil circuit. Since the recti- 


fied restraint outputs are connected in parallel, the relay re- 


c) Additive or Subtractive Restraining 
Effect Produced by Two Coils in Series. 


straint is proportioned to the maximum restraining current 
in any restraint circuit. 


Power 
Transformer 


To Harmonic 
Air Gap a Unit See Below 
Transformers 5 | De Polar Unit 
Saturating Operating Coil 
Transformer DU 
+ ome ge +t, | 
De Polar Unit ee eee 
Restraining Coil aa eae 
DU NETS fa i of ode asad iw Third Restraint 


1 
‘ % 1 Circuit For 
Le Sb Three Winding 
x »* Power 


v Transformers 


Dc Trip Bus 
Positive 


Second 
Harmonic 


Harmonic Unit Pass Filter 


Second Harmonic TIT df ICS 
Block Filter DU 


Negative 


Figure 8-11: Schematic Connections of The HU and HU-1 Variable 
Percentage Differential Relays With Second 
Harmonic Restraint Supervision. 


The percentage characteristic varies from around 20 percent 
on light faults, where current transformer performance is 
good, to approximately 60 percent on heavy faults, where 
current transformer saturation may occur. This variable per- 
centage characteristic is obtained via the saturating trans- 
former in the operating coil circuit. Taps provide a 3:1 dif- 
ference in the ratio of the main current transformer outputs. 
These taps are 2.9, 3.2, 3.5, 3.8, of 4.6, 5.0, and 8.7. 


The minimum pickup current is 30 percent of the tap value 
for the 30 percent sensitivity relay and 35 percent of tap 
value for the 35 percent sensitivity relay. The minimum 
pickup is the current that will just close the differential unit 
contacts, with the operating coil and one restraint coil ener- 
gized. The continuous rating of the relay is 10 to 22 A, de- 
pending on the relay tap used. 
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The harmonic restraint unit (HRU) has a second-harmonic 
blocking filter in the operating coil circuit and a second- 
harmonic pass filter in the restraint coil circuit. Thus, the 
predominant second-harmonic characteristic of an inrush 
current produces ample restraint with minimum operating 
energy. The circuit is designed to hold its contacts open 
when the second-harmonic component is approximately 15 
percent of the fundamental. This degree of restraint in the 
HRU is adequate to prevent relay operation on practically 
all inrushes, even if the differential unit should operate. 


For internal faults, ample operating energy is produced by 
the fundamental frequency and harmonic other than the 
second. The second-harmonic is at a minimum during a 
fault. Since the HRU will operate at the same pickup as the 
DU, the differential unit will operate sensitively on internal 
faults, as shown in the trip circuit of Figure 8-11. For ex- 
ternal faults, the differential unit (DU) will restrain. 


The relay operating time is one cycle at twenty times tap 
value. The instantaneous trip unit (JIT) is included to ensure 
high speed operation on heavy internal faults, where current 
transformer saturation may delay HRU contact closing. The 
IIT pickup is ten times the relay tap value. This setting will 
override the inrush peaks and maximum false differential 
current on external faults. 


HiI.B.2. HU-4 Transformer Differential Relay 


The HU-4 relay is used to protect multiple-winding trans- 
former banks, or in the protective zone that includes the 
bus. (See Figures 9-13 and 9-14.) The HU-4 relay is similar 
to the HU and HU-1 relays, but has four restraint windings. 
Also, the rectified outputs of the restraint transformers are 
connected in series, and the IIT-unit is set at fifteen times 
the tap value. Application of this relay is described in Chap- 
ter 9, Bus Protection. 


III.B.3. Modified HU Relays 


In the HU relay, the 15 percent second-harmonic restraint 
value is based on a minimum second-harmonic content 16 
percent of fundamental, under an inrush condition of 

bs = 1.40 p.u. and a zero-degree closing angle. In modern 
transformers, however, saturation density is more often 
1,20 to 1.30 p.u., and can even be as low as 1.15 p.u. At 
these lower saturation densities, the minimum second- 
harmonic content of the fundamental is significantly lower. 
Also, service conditions are more severe when the closing 
angle is +30°, rather than zero degrees. 


8-8 


As a result, the second-harmonic content percentage may be 
as low as 7 percent of the fundamental, and the percentage 
of all harmonics may be as low as 7.5 percent of the funda- 
mental. Under these conditions, the 15-percent second- 
harmonic restraint relays may not function properly during 
the energization of power transformers with low saturation 


density values. 


The modified HU relay is designed to solve this problem. 
This relay is similar to the 15-percent second-harmonic HU 
relay, except that a 68-ohm, 3-W resistor is connected across 
the HRU unit operating coil to calibrate the unit for 7.5 per- 
cent second-harmonic restraint. The characteristics of the 
modified HU are the same as for the HU relay, and the mod- 
ification does not affect the characteristics of the I[T-unit. 
The main unit of the modified relay, however, is about one 


cycle slower than the unmodified unit. 


This modified HU relay has been used successfully in inrush 
current tests at a 138-kV generating station, where the 15- 
percent HU relays experience inrush problems. 


IV. GENERAL GUIDELINES FOR TRANSFORMER 
DIFFERENTIAL RELAYING 


The following eight guidelines are designed to assist in se- 
lecting and applying relays for transformer protection. 
Where two or more relays appear to be equally suitable, en- 
gineering experience and economics will determine the final 
choice. 


1) There is no clearcut answer to the question of which re- 
lay or which protective method to apply. As a general 
rule, however, the induction-disc differential relays (CA 
and CA-26) are used at substations remote from large 
generating sources where inrush is negligible. The more 
complex and more expensive harmonic relays (HU, HU-1, 
and HU-4) are used at generating stations and for large 
transformer units located close to generating sources, 
where a severe inrush is highly likely. 


2) Accurrent transformer tap which will give approximately 
5 Aat maximum load is recommended for use with 
multi-ratio current transformers. This arrangement pro- 
vides good sensitivity without introducing thermal prob- 
lems in the current transformer, the leads, or the relay 
itself. Sensitivity can be improved by using a tap which 


gives more than 5 A; however, the current transformer, 
the leads, and the relay capability must be checked care- 
fully to guard against thermal overload. 


3) In general, the current transformers on the wye side of a 
wye-delta bank, must be connected in delta, and the cur- 
rent transformers on the delta side connected in wye. 
This arrangement (1) compensates for the 30-degree 
phase-angle shift introduced by the wye-delta bank, and 
(2) blocks the zero-sequence current from the differen- 
tial circuit on external ground faults. As shown in Fig- 
ure 8-12, zero-sequence current will flow in the differen- 
tial circuit for external ground faults on the wye side of 
a grounded wye-delta bank. If the current transformers 
were connected in wye, the relays would misoperate. 
With the current transformers connected in delta, the 
zero-sequence current circulates inside the current trans- 
formers, preventing relay misoperation. 


Ig=O0 I9=O0 
ne (b) 


a) Iq Will Flow in The Differential Circuit if CT’s Were Connected 
as Wye Causing Misoperation. DO NOT use This Connection. 


b) No Current Will Flow in The Differential Circuits if CT’s Were 
Connected as Delta. This is The Recommended Connections. 


Figure 8-12: Reason for Delta Connected CT's on Wye Windings. 


4) Relays should be connected to receive “in” and ‘‘out”’ 
currents that are in phase for a balanced load condition. 
Where there are more than two windings, all combina- 
tions must be considered, two at a time. 


5) Relay taps or auxiliary current transformer ratios should 
be as close as possible to the current ratios for a balanced 
maximum load condition. Where there are more than 
two windings, all combinations must be considered, two 
at a time, and based on a same kVA capacity. 


6) 


7 


~ 


8) 


After the current transformer ratios and relay taps have 
been selected, the continuous rating of relay windings 
should be checked for compatibility with the trans- 
former load. If the relay current exceeds its continuous 
rating, a higher current transformer ratio or relay tap 
may be required. The relay’s required continuous rating 
may be determined from the maximum kVA capacity of 
the transformer bank. If the transformer is allowed to 
exceed its maximum kVA capacity for a short time, the 
expected two-hour maximum load should be used. The 
relay will reach final temperature within two hours. 


The percentage of current mismatch should always be 
checked to ensure that the relay taps selected have an 
adequate safety margin. Where necessary, current mis- 
match values can be reduced by changing current trans- 
former taps or adding auxiliary current transformers. 
Percentage mismatch, M can be determined from equa- 
tion 8-1. 


M =\ m /x 100 percent (8-1) 


Where 


I> Ty = Relay input currents, at the same kVA 
base, for low(L)- and high(H)-voltage 
sides, respectively 


Ty> Ty = Relay tap settings for low(L)- and 
high(H)-voltage sides, respectively 


S = The smaller of the two terms, (1p /Ipp 
or (Ty /Ty). 


Where there are more than two windings, all combina- 
tions should be calculated, two at a time. Where taps are 
changed under load, the relays should be set on the basis 
of the middle or neutral tap position. The total mis- 
match, including the automatic fap change, should not 
exceed the recommended values shown in Table 8-II. 


To ensure correct operation of the relaying scheme, the 
current transformer ratio error must not exceed 10 per- 
cent with a maximum symmetrical external fault current 
flowing. The ratio error can be accurately determined 
using the ratio-correction-factor (RCF). A less accurate, 
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but still acceptable method is to use the ANSI relaying 
accuracy Classification. For units with a class C accu- 
racy, performance will be adequate if: 


NoVci ~ Mase - 100) Rg 


> Ly (8-2) 


Where 


N, = Proportion of total current transformer 


turns in use 


VoL = current transformer accuracy, class C 


voltage 


Leg = maximum external fault current, in sec- 
ondary RMS A (let laxt = 100 if maximum 
external fault current is less than 100 A) 


Rg = current transformer secondary winding re- 


sistance, in ohms 


Zy = total current transformer secondary burden 
impedance, in ohms determined as follows: 
Table 8-II 


Recommended Mismatch (M) and Load Tap 
Changing (LTC) Values 


Sensitivity Limit of (M + LTC) 


(%) (%) 


CA 35 


HU, HU-1, HU-4 1S 
HU, HU-1, HU-4 20 


CA-26 10 


With wye-connected current transformers: 
a. Fora three-phase fault, 
Zy = 1.13 (Ry) + relay burden + Za (8-3) 


Where 


Ry = The one-way lead resistance 
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1.13 =a multiplier used to accommodate temper- 
ature rise during faults 


Za = the burden impedance of any devices (other 
than the relay) connected or reflected to 
the current transformer. 


b. For a phase-to-ground fault, 


Zr =1.13 (2R)) + relay burden + Z (8-4) 


A 


With delta-connected current transformers: 
a. Fora three-phase fault, 

Zy =3 (1.13Ry +relay burden + Z4) (8-5) 
b. For a phase-to-ground fault, 


Zr =2 (1.13Ry + relay burden + Z (8-6) 


A) 


Vv. SAMPLE CHECKS FOR APPLYING TRANSFORMER 
DIFFERENTIAL RELAYS 


The following examples show the importance of the current 
transformer connections, current ratios, relay ratings, and 
current transformer performance in applying the differential 
relay scheme for transformer protection. 


V.A. Checks for Two-Winding Banks 


A work sheet for connecting differential relays around a 
two-winding bank is shown in Figure 8-13. 


V.A.1. Phasing Check 


For the example shown in Figure 8-13, assume that I,> I, 
and I, on the wye-side flow through the bank to an external 
three-phase fault or maximum load. As shown in Figure 
8-14, define the currents in the windings. Trace these cur- 
rents through the delta to the deltafide phase wires, then 
through the wye-connected current transformers to the re- 
lays. This process determines what current should flow in 
the wye-side restraint coil, enabling the wye-side current 
transformers to be properly connected in delta for correct 
phasing under all conditions. 


C400 600/5 
69KV Multi-Ratio 


ie C400 3000/5 
— 


Multi-Ratio sky 30MVA 


Note: 
High Side Lags 
Low Side by 30° 


Figure 8-13: Work Sheet for Connecting Differential Relays 
Around a Two Winding Transformer Bank. 


2000/5 Tap on 300/5 Tapon 
3000/5 600/5 


Mult-Ratio CT 1.5 KV 3O0MVA — 9KV_y gr, Multi-Ratio CT 


Note: 
*Current Balancing Transformers if Used. 
Refer to Figure 8-15 for Illustrations. 


Figure 8-14: Complete Phasing Check for The Example of 
Figure 8-13. 


The completed check for the example of Figure 8-13 is 
shown in Figure 8-14. 


V.A.2. Ratio Check 


For the example in Figure 8-13, the ratio check should be 
executed as follows: 


Step LV (Wye) HV (Delta) 


1) For the example shown in Figure 8-13, assume that the 
maximum load is 30,000 kVA. Then the rating of the 
bank, Ipp> is, 


00 30,000 
ee 1S06A 


=251A 
V3 x 11.5 V3 x 69 


2) For increased sensitivity, select current transformer 
ratios as close to the lei value as possible, 


2000 300 

n ce n = 
5 =) 
= 400 = 60 


eee 
Ss n 
_ 1506 £228! 
400 S60 
=3.77A =4.18 A 


4) Calculate relay currents, 
Ipy = 3-77 xV3 
=6.52A Ipy = 418A 


5) Calculate relay current ratio, 


IRL 6.52 
Inq 418 
= 1.560 


The steps which follow depend on the type relay being ap- 
plied; CA, CA-26 or HU: 


V.A.2.a. For Type CA Relays: (Steps 6-9) 


For application of CA relays, the tap settings, continuous 


coil ratings, and mismatch must also be checked as described 


in Steps 6-9. The taps in CA relays are 5-5, 5-5.5, 5-6.6, 
5-7.3, 5-8, 5-9, and 5-10. Tap ratios are 1.00, 1.10, 1.32, 
1.46, 1.60, 1.80, and 2.00, respectively. 

/ 


6) Select relay taps with a ratio as close as possible to the 


relay current ratio in Step 5. In this case, tap 5-8, with a 


ratio of 1.60, is the closest. 


7) Connect relay terminal 9 to the 69-kV side and terminal 


7 to the 11.5-kV side. Always set the time dial at posi- 
tion number 1. 


8) Check the continuous rating of the relay coils. As shown 
in calculations, the continuous currents flowing in the 
restraint coils are less than 10 A, and any through cur- 
rents flowing in the operating coil are less than 5 A. 
Therefore, the relay windings will not be subject to a 
thermal problem. 


9) Calculate mismatch, equ. (8-1) 


6.52 8 
4.18 5 
M=\ =~ J x 100% 
S 
_ (1560-160) 04 
1.560 tres 
= 2.56% 


This mismatch is well within the 35 percent mismatch 
limit of Table 8-II. 


V.A.2.b. For Type CA-26 Relays: (Steps 10-12) 
To calculate mismatch for CA-26 relays, perform Steps 10- 
12 as follows: 


10) Calculate mismatch, equ. (8-1) 


6.52 
| 
M= ad8 x 100% 
Ss 
: -1 
- (129221) 0% 
= 56% 


11) Since the percent mismatch is higher than the recom- 
mended value, an auxiliary current transformer or a 
current-balancing autotransformer is required to de- 
crease the current to the relay. The turns ratio of the 
balancing current transformer is (4.18/6.52) x 100, or 
64.1. Either a two-winding auxiliary current trans- 
former with a turns ratio of 3/2 (for example, Westing- 
house type $234A240G06), or a current-balancing au- 
totransformer (for example, Westinghouse type A aux- 
iliary current transformers) would be satisfactory. The 
connections for these two transformers are shown in 
Figure 8-15. The continuous rating of the auxiliary 
current transformers should be checked to guard against 
possible thermal problems. 
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6.52 (133) = 4.34 
200 


To Relays 


a) Auxiliary CT’s With 3/2 Ratios. 


U5 \_ 
652 (495 )= 417A 
—» > 


180 Turns 


(10 Turns 


6.52A 
ics 


b) Type “A” Current Balancing Transformers. 


Figure 8-15: Current Balancing Transformer Connections for 
Figure 8-14 When Type CA-26 Relay is Used. 


12) After selecting the auxiliary current transformer ratio, 
the mismatch should be rechecked. 


a. Ifa 3/2 ratio auxiliary current transformer is used, 


equ. (8-1) 
434 
= i x 100% ”) 
1.038 - 1 
= ( i x 100% 


i 
w 
oo 
[=] 
st 


b. Ifa current-balancing autotransformer is used, 


equ. (8-1) 
4.18 1 
4.17 
M= ; x 100% 
= 0.24% 


Both values are well within the 10 percent mismatch 
limit of Table 8-II. 


V.A.2.c. For Type HU Relays: (Steps 13-16) 


To apply HU relays, the tap settings, continuous coil rat- 
ings, and mismatch must be checked, as described in Steps 
13-16. The taps in HU relays are 2.9, 3.2, 3.5, 3.8, 4.2, 4.6, 
5.0, and 8.7. The tap ratios are given in Table 8-III. 


13) Select relay taps which have a ratio as close as possible 
to the relay current ratio in Step 5. In this case, tap 
5.0/3.2, with a ratio of 1.563, is the closest. 


14) Use tap 3.2 on 69-kV side, and tap 5.0 on 11.5-kV side. 
In most HU applications, auxiliary current transformers 
are not required for current balancing if the current 
ratio is between 1 and 3. 


15) Check continuous rating of the relay coils. Since con- 
tinuous rating of the relay is 12 A for the 3.2 tap, there 
should be no thermal problem with the relay coils. 


Table 8-III 


HU Relay Tap Ratios 


1.000} 1.086}1.20011.314/1.42912.486 


1.000)1.105}1.211]1.316]2.289 
1.000/}1.095)1.190)2.071 
1.000 }1.087)1.891 

1.000] 1.740 


16) Calculate mismatch, 


6.52 5.0 
ue u| 218 3.2 |x 100% 
1.560 - 1.563 . 
~ ($0158) 100% 
= 0.2% 


This value is well within the 15 percent mismatch limit 
of Table 8-I1. Also, the 30 percent sensitivity of the 
HU relay would be satisfactory for this application. 


V.A.3. Current Transformer Performance Check 
Assuming that the three-phase external fault currents are 
higher than the single-phase fault currents, with values of 
15,000 A on the 11.5-kV side and 2,500 A on the 69-kV 
side. In this case, the current transformer burden limit can 
be calculated as follows: 


Low-Voltage High-Voltage 


Maximum external fault current 


(primary amperes), I, 15,000 2,500 
Current transformer turns 
ratio, n 400 60 
Secondary amperes, 
Secondary amperes, 5 
Tn 37.5 41.7 
2,000 300 
N —~—— =0.67 —=0.50 
Pp 3,000 e 600 
Ve 400 400 


From equation 8-2 where ners - 100) Rg = 0 since laxt is 
less than 100 amperes secondary: 


0.67 x 400 _ 2.672 0.5 x 400 _ 


100 / 100 


2.02 


Current transformer performance will be satisfactory if the 
total burden impedance values, as calculated from Equations 
(8-3), (8-4), (8-5), and (8-6), are less than these values above. 


V.B. Checks for Three-Winding Banks 


The same type of phasing, ratio, continuous rating, and cur- 
rent transformer performance checks are used for three- 
winding transformers as for two-winding transformers. To 
determine the correct direction and phase of the restraint 
currents, one side of the transformer is considered the pri- 
mary and the other two windings are considered the sec- 
ondaries. For ratio checks, any two windings must be 
checked, as if the bank were a two-winding unit with no 
current in the third winding. Any other pair is then checked 
in the same manner. This process ensures that all ratios are 
correct for any distribution of fault or load current. 


A work sheet showing the connection of differential relays 
around a typical three-winding bank is given in Figure 8-16. 
The completed phasing checks are shown in Figure 8-17. 


25,000 KVA 
66KV 8000KVA 
KV 


2595 


20,000 KVA 
26KV 


é ISOO/5 


a" pl'c!! 


ree 


Current Balancing 
Automatic Transformer 


Figure 8-16: A Work Sheet for Connecting Differential Relays 
Around a Three Winding Transformer Bank. 


If the ratios are not correct for the relay, auxiliary current- 
balancing autotransformers or auxiliary current transformers 
are required. In general, one or two sets are required for the 
three-winding bank, depending on the unbalanced condition 
and relay type (CA-26 or HU-1). 
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3) Then the current transformer secondary currents are: 


25,000KVA 
20,000 KVA I 
FL _ 219 _ 556 _ 1,314 
“n 50 160 300° 
= 4.380 = 3.475 = 4,380 


4) Relay currents are: 
Ipy= V3 x 4.380 Inve V3 x 3.475 Tp p= 4.380 
= 7.577 = 6.012 


5) And relay current ratios are: 


f Current ea 
Bal 
| al! pl! cll pepsi IRH a 7.577 
\ Transformer I 6.012 
(if Used) RM 
\ 
ie = 1.260 
'T| 
\ 
L 
IRM _ 6.012 
IRL 4.380 
1.373 
Figure 8-17: Complete Phasing Check for The Example of Figure 
8-16. The Dotted Lines Show The Connections for a ley 7.577 
Phasing Check Between The 66 and 11 KV Windings. — = 
Assuming The 26KV Circuit does not Exist. The Dash IR 4.380 


Lines Show The Connections for a Phasing Check 

Between The Previous Connections Made for The 66 

KV Side and The 26 KV Winding Assuming That The = 1.730 
11 KV Circuits do not Exist. With This Method, 

Phasing is Correct For Any Distribution of Currents 

thru The Three Windings. 


V.B.1. For Type CA-26 Relays (Steps 6-8) 
For the three-winding bank shown in Figure 8-16, the ratio 
check is performed as follows: For CA-26 relay application, mismatch is checked according 
to Steps 6-8, below: 
Step 66 kV (Y) 26 kV (Y) 11 kV (A) 


6) Calculate mismatch (equation 8-1): 
1) If 25,000 kVA flows through the bank, the currents in Ga cae re muemenehi(eduanon 841) 


each winding are: 7.577 
| 
L_. = 25,000 _ 25,000 _ 25,000 Myr =\20!2__] x 10% = 26% 
FL” 5x66 V3 x 26 V3x 11 
/ 6.012 _ 
=219A =556A =1,314A Mut 4.380) x 100% = 37.3% 
1 


2) Assuming current transformer turn ratios of: 


n= 250/5 = 800/5 


1500/5 Muy = = x 100% = 73% 


= 50 = 160 = 300 


ane 


~ 


7) To decrease the currents to the relay, add current bal- 
ancing autotransformers at the 66-kV and 26-kV sides. 
The turn ratios of these transformers are: 


4.380 4.380 
=== x 100 = 57. = 72. 
7577 x 100 = 57.8 FO1g x 100= 728 


use 58 turns ratio use 73 turns ratio. 


Then the current to the relay is: 


73 


28 6.012(2)- 4.389 A 


1.577( 33) 4.395 A 


100 100 


8) Recalculate the mismatch: 


4.395 


-| 4.389 ; 
1 


x 100% = 0.1% 


4.389 _ 


=14.380  }x 100% = 0.2% 


V.B.2. For Type HU-1 Relays (Steps 9-12). 


For HU-1 relay application, tap settings, mismatch, and cur- 
rent transformer performance are calculated as follows: 


9) To select the relay taps, use Table 8-III and start from 
I 
the highest current ratio, -RH 1.730. The nearest tap 


RL 
ratio is 5/2.9 = 1.724. Select Ty, = 5 and Ty = 2.9. 
Next, select the tap ratio for the second higher current 


IRM 
ratio, —— = 1.373. With Ty = 2.9, this ratio would be 


RL 
3.8/2.9 = 1.310. In other words, Tu = 3.8. 


10) Calculate the mismatch: 


\ 
15102 35, 
6012 38 
Merny =) 0-012 3-8 1x 100% = 4.4% 
mM 1.26 
6.012 3.8 
My i380 2? }x 100% = 4.8% 


1.31 
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TST 5 


=| 4-380 2.9}. 100% = 0.3% 
1.72 


My 


11) Check current transformer performance in the same 
way as for the two-winding bank, above. 


12) Even though the current ratios are within 3.0 (Step 5), 
auxiliary current transformers may be required for cur- 
rent balancing. For example, if Ipy= 3.75, IRM = 
8.109, and IRL = 6.222, the current ratios are 2.162, 
1.303, and 1.659. Even though these values are within 
3, auxiliary current transformers are necessary in this 


application. 


VI. TYPICAL APPLICATIONS OF TRANSFORMER 
DIFFERENTIAL PROTECTION 


VI.A. Differential Scheme with Harmonic Restraint 
Relay Supervision 


Adding a new generating source to an existing power system 
can easily cause inrush problems if the system’s transformer 
differential relays are not of the harmonic restraint type. 
Rather than replacing all the CA or CA-26 relays with HU 
or HU-I relays, the CA or CA-26 relay trip circuit can be 
supervised by an HRU harmonic restraint relay contact. 
Figure 8-18 shows how a three-phase HRU relay can be used 
to supervise existing CA or CA-26 relays. 


oTip = = =e cs 


Figure 8-18: Differential Scheme with HRU Harmonic Restraint 
Relay Supervision. 
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In the three-phase HRU relay, a mixing transformer com- 
bines the currents from the differential circuit. The har- 
monic restraint unit, identical with the HRU unit of HU 
relay, supervises inrush current. The relay also contains 
three instantaneous trip units, one for each phase. 


The three-phase HRU relay is calibrated to have its contact 
normally closed on zero current, or on fault currents where 
the second harmonic content is fifteen percent or less of the 
fundamental. This arrangement improves the relay’s de- 
pendability and permits differential relay operation for an 
internal fault such as shown in Figure 8-19. For this fault 
the ampere-turns in the mixing transformer will be can- 
celled out, and no current can be induced on the secondary 
side. Aninrush will not produce this cancellation. 


VI.B. Differential Scheme with Resistor for Desensitizing 


A second method of protecting CA-26 relay against false 
operation on magnetizing inrush is to desensitize the relays 
while the transformer is being energized. The CA-26 relay 
can be desensitized by switching a resistor in parallel with 
the operating coil, which temporarily raises the relay pickup 
by a factor of two or three. The resistor can be switched 
either manually, as the bank breaker is closed, or automat- 


a) Differential Relay will False Operate on 
External Ground Fault for a Conventional 
Wye Connected CT Set. 


“b" Phase 


op c Phase 
(Do not Ground } 


Figure 8-20: 


Figure 8-19: A Two Phase Fault on Wye Winding Where The 
Ampere Turns in The Mixing Transformer will be 
Cancelled. (The Normally Closed Contacts of The 
Type HRU Relay Permits Differential Trip for The 
Internal Fault.) 


ically by time-delay dropout, overvoltage relays. Automated 
switching will also desensitize the relay to recovery inrush. 


VI.C. Ground Source on Delta Side 


As shown in Figure 8-20a, the differential relay will operate 
falsely on external ground faults if the differential zone 


ho 
a Zero Sequence 


Current Trap 


b) Differential Relay will not Operate on External 
Ground Fault When The Zero Sequence 
Current Trap is Inserted in The Circuit. 


covers a grounding bank, and a conventional wye-connected 
current transformer set is used. This misoperation can be 
eliminated by inserting a zero-sequence current trap in the 
circuit (Figure 8-20b). The zero-sequence current trap con- 
sists of wye-delta-connected auxiliary current transformers, 
which can have any ratio. These auxiliary current trans- 
formers provide a low-impedance path for the zero-sequence 
current component and a high-impedance path for the 
positive- and negative-sequence current components of the 
fault current. The differential relay must not be grounded, 
or the ground path of the differential relay will shunt the 
trap, making it ineffective. 


VI.D. Three-Phase Banks of Single-Phase Units 


Figure 8-21 shows one phase of the transformer differential 
connection for transformer bushing current transformers 
used in a three-phase bank of single-phase units. In such 
cases, current transformers cannot be used in the three cir- 
cuits to the delta to permit standard connections, such as 
those shown in Figure 8-14. This differential relaying 
scheme will not detect internal bushing flashovers if the 
power system is grounded as shown in Figure 8-2la. If the 
power system is ungrounded, as shown in Figure 8-21b, the 
relay scheme also will not detect an internal bushing flash- 
over and an external ground fault on another phase. 


Protection for these internal faults is obtained by placing 
current transformers on both bushings of a single-phase 
transformer winding that forms part of the three-phase delta 
connection (Figure 8-21c). All current transformers can be 


wye-connected. 


An unbalance of 2/1 results from connecting the two cur- 
rent transformers in the delta winding in parallel with one 
CT in the wye winding. When selecting current transformer 
ratios and/or relay taps, this unbalance must be taken into 


account. 


VI.E. Protection of a Generator-Transformer Unit 


In the unit-type system shown in Figure 8-22, the trans- 
former differential relay is often couneged to include the 
generator as well as the transformer. This arrangement pro- 
vides additional and overlapping protection for the rotating 
machine. Separate current transformers on the generator 
neutral are recommended to keep the burden low. 


Because the station service transformer bank is much smaller 
than the generator unit, the transformer differential relay 
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c) Solution 


Figure 8-21: Protection Problems and Solution for Internal 
Faults on Delta Side of a Three Phase Bank Consists 
of Single Phase Units. 


Generotor Power Transformer 


Station Service 


ee 


Figure 8-22: Protection of The Unit Type Generator Transformer 
System. 


may not protect against secondary or internal faults in the 
station-service transformer unless such faults occur near the 
high-voltage end of the primary winding. The main units 
require a high current transformer ratio to limit secondary 
currents under continuous operation and high faults. Since 
the station-service unit is small, it will have a high impedance 


and light fault currents—frequently below the transformer dif- 
ferential relay sensitivity. In this case, a separate differential 
relay around the station-service bank can be operated with 
current transformer ratios appropriate to the size of the 
bank. Overload relays, without a separate differential, may 
be used to protect this station-service bank. 


If no appreciable current is fed back through the small 
station-service unit for faults external to the large main unit, 
faults on the low side of the station-service unit may be well 
below the main differential relay sensitivity. If so, no cur- 
rent transformer connection to the main differential relay 
circuit is required. Otherwise, a connection is required to 
prevent tripping on station-service bus faults. 


To balance out the station-service circuit, the current trans- 
formers in this circuit can be paralleled as shown. 


In a generator/transformer unit system, the transformer 
may be subjected to an overvoltage or overexcitation condi- 
tion on load rejection or as external faults are cleared by the 
high-side breaker. During periods of high overexcitation, 
conventional transformer differential relays and relaying 
schemes may operate. Some users, however, consider this 
“‘misoperation”’ an advantage, since it protects against trans- 
former damage from overvoltage. 


Figure 8-23 shows an overexcitation restraint scheme for 
transformer differential relays. This scheme can distinguish 
between operation caused by overvoltage and operation 
caused by an internal fault, and can delay tripping if the 
overexcitation condition is correctable. Type SV relays are 
used to detect overexcitation. These SV relays have a con- 
stant V/Hz characteristic down to 10 Hz and are thus re- 
sponsive to the flux level in the transformer. With the spe- 
cially wired HU relays, tripping will be blocked on any over- 
voltage up to a voltage/frequency ratio of approximately 
145 percent. 


Restraint is provided by an external dc source, applied to 
the differential unit restraint circuit when the externally 
mounted SV relay contact closes. When,the external re- 
straint current is present, an operating circuit current of 
140 percent of tap value is required to produce operation. 
When there is no external restraint current, the normal cur- 
rent of 30 percent of tap value will produce a trip. Thus, 
the scheme is desensitized only during overvoltage. How- 
ever, if the overexcitation condition is not corrected after 
TD-2 timing, tripping will result. 


dc Positive 
SVq: DU 
Tey Lhe? 
I. 
(87) Ve 
Restraint] Restraint Restraint 
A B Cc 


dc Negative 
3-SV 
Connection 


Figure 8-23: Overexcitation Restraint for Transformer Differential 
Relay. 


VI.F. Sudden-Pressure Relay (SPR) 


With the application of a gas-pressure relay, many trans- 
formers can be protected by a simple differential relay set 
insensitively to the inrush current. The sudden-pressure re- 
lay (SPR), which operates on a rate of rise of gas in the 
transformer, can be applied to any transformer with a sealed 
air chamber above the oil level. The relay is fastened to the 
tank or manhole cover, above the oil level. It will not oper- 
ate on static pressure or pressure changes resulting from 
normal operation of the transformer. 


The SPR relay is recommended for all units of 5000 kVA 
or more, and has been thoroughly tested against external 
fault surges and external shocks. It is extremely sensitive to 
light faults as it will operate on pressure changes as low as 
0.33 Ib/in2, In one case this represented a fault of 50 am- 
peres. The SPR relay is far more sensitive to light internal 
faults than the differential relay. The differential relay, 
however, is still required for faults in the bushing and other 
areas outside the tank. 


The SPR relay operating time varies from 1/2 cycle to 37 
cycles, depending on the size of the fault. 


VI.G. Overcurrent and Backup Protection 
A fault external to a transformer results in an overload 


which can cause transformer failure if the fault is not 
cleared promptly. The transformer can be isolated from the 


fault before damage occurs by using overcurrent relays. On 
small banks, overcurrent relays can also be used to protect 
against internal faults. On larger banks, they can provide 
backup protection for differential relays. Overcurrent relay 
protection is simple and inexpensive, but its application is 
limited by the insensitive setting and the delayed operation 
for coordination. 


To allow transformer overloading when necessary, the 
pickup value of phase overcurrent relays must be set above 
this overload current. An inverse-time characteristic relay 
usually provides the best coordination. Settings of 200 per- 
cent to 300 percent of the transformer’s self-cooled rating 
are common, although higher values are sometimes used. 
Fast operation is not possible, since the transformer relays 
must coordinate with all other relays they overreach. 


Overcurrent relays cannot be used for primary protection 
without the risk of internal faults causing extensive damage 
to the transformer. Fast operation on heavy internal faults 
is obtained by using instantaneous trip units in the over- 
current relays. These units may be set at 125 percent above 
the maximum through fault, which is usually a low-side 
three-phase fault. The setting should be above the inrush 
current. Often, instantaneous trip units cannot be used be- 
cause the fault currents are too small. 


Overcurrent relays set to protect the main windings of an 
autotransformer or three-winding transformer offer almost 
no protection to the tertiary windings, which have a much 
smaller kVA. Also, these tertiary windings may carry very 
heavy currents during ground faults. In such cases, tertiary 
overcurrent protection must be provided. 


VI.H. Distance Relaying for Backup Protection 


Directional distance relaying can be used for transformer 
backup protection where the setting or coordination of the 
overcurrent relays is a problem. The directional distance re- 
lays are connected to operate when the fault current flows 
toward the protected transformer. They are set to reach 
into, but not beyond, the transformer. i] 


VII. Overcurrent Relay with HRU Supplement 


Three single-phase HRU units can be used to supplement 
the overcurrent relays where inrush is a problem and no cur- 
rent transformers are available on the secondary side of the 
protected bank. As illustrated in Figure 8-24, this arrange- 
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ment provides high speed tripping when the transformer is 
energized on faults. The scheme is not recommended, how- 
ever, unless transformer loads are supervised by individual 
local breakers. Load pickup always occurs during trans- 
former energization. 


IT HRU 


Figure 8-24: Overcurrent Relay With Single Phase HRU 
Supplement for Speed Improvement. 


VII. TYPICAL PROTECTIVE SCHEMES FOR 
INDUSTRIAL AND COMMERCIAL POWER 
TRANSFORMERS 


Protection of industrial and commercial power transformer 
banks is somewhat different from that used by the utilities. 
The differences in protective schemes are a function of sev- 
eral major factors, including system configuration, method 
of grounding, speed, coordination, operation, and cost. 
Some of the more commonly used industrial and commer- 
cial protective schemes are shown in Figures 8-25 to 8-30. 


Figure 8-25 shows how a primary breaker can be used for 
transformer protection. The basic protection is provided by 
the 87T transformer differential relays. Either type CA or 
HU relays can be used, depending upon the severity of in- 
rush and the operating speed requirements. Device 50/51, 
an inverse time CO relay with IIT unit, provides primary 
winding for phase faults; either device 50G (type ITH with 
a zero sequence current transformer) or 50N/51N can be 
used as primary backup for ground faults. Transformer 
overload, low-voltage bus, and feeder backup protection is 
provided by device 51 on the secondary side. Since the low- 
voltage side is high-resistance grounded, a ground relay (51G) 
should be used to trip breaker 52-1 for low side ground 
faults and for resistor thermal protection. Device 151G, 
which trips breaker 52-11, provides feeder ground backup; 
while device 63, an SPR relay, offers highly sensitive pro- 
tection for light faults. 
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Figure 8-25: Transformer Protection With Primary Breaker. 


The current transformer ratings in this scheme should be 
compatible with the transformer short-time overload capa- 


bility: approximately 200 percent of transformer self- 
cooled rating for wye-connected current transformers and 
350 percent (/3 x 200%) for delta-connected current trans- 
formers. The neutral current transformer rating should be 
50 percent of the maximum resistor current rating. 


When a normally closed secondary bus tie is used for paral- 
leled transformer protection (Figure 8-26), there are several 
differences with the primary breaker scheme shown in Fig- 
ure 8-25. First, a type CWC relay (87TG) provides selective 
and sensitive protection for ground faults within the sec- 
ondary circuit of the differential zone. The CWC relay, a 
single-unit induction-disc relay, has two torque-producing 
windings which operate on the product of the two currents. 
The torque is proportional to the product times the cosine 
or the angle between the two currents up to an angular dif- 
ference of +90°. Maximum torque occurs when the cur- 
rents are in phase. The connections and operation of the 
scheme are shown in Figures 8-27 and 8-28. 


For an external fault, the two differential currents in the 
relay coils are essentially 180° out of phase. In this case, 
the CWC relay has no operating torque. For an internal 
fault, the currents in the relay are essentially in phase, pro- 
ducing operating torque. The minimum operating product 


oo Fe 
{SON \ alternate for 50G 


\ SIN / 
CO/TIT 


Voltage wuw, 
Transformer vw 


Figure 8-26: Paralleled Transformer Protection With Primary Breaker. 


Auxiliary co 


Circuit Gi) 


is 0.25 VA; with equal currents in the two windings, the op- 
erating current is 0.5 A. Although not as sensitive as the 
HU or CA relays, the CWC relay is relatively independent 
of the individual current transformer secondary currents 
where the external system is grounded (Figure 8-27). In 
these applications, the ratios of the current transformers do 
not have to be identical. Increased sensitivity can be ob- 
tained by using a lower ratio neutral current transformer. 

It is desirable to keep the currents in the two relay coils 
within a 2:4 ratio so that an auxiliary current transformer 
will be required if a large ground resistor is used. 


+3 
<— 
Internal Rel = Non T 
Fault elay urrents in Non Trip 
Direction for External Fault 
Relay Current in Trip 
Direction for Internal Fault 
Optional 
} Auxiliary 
Circuit 
External 
Fault 
Note: 


Solid Arrows Show Zero Sequence Current for External Fault; 
Dotted Arrows for Internal Fault. 


Figure 8-27: Connections and Operation of The CWC (87TG) 
Ground Differential Relay Where The Connected 
System is Grounded. 


Figure 8-28 shows the connections when the external sys- 
tem is not grounded. I. must be positive for the external 
fault (Figure 8-27a). Current transformer ratios as well as 
any effect of saturation of the line current transformer must 
be considered. 


In addition to devices 51G and 151G shown in Figure 8-26, 
a 251G relay is used to trip breaker 52T on ground faults. 
The trip sequence of these three ground relays is as follows: 
(1) 251G trips 52T, (2) 151G trips 52-11, (3) 51G trips 
52-1, and (4) 87TG trips 52-1 and 52-11. Device 67 (type 
CR relays) provides reverse overcurrent protection. 


If the transformer is too small to warrant the basic schemes 
described above, the scheme shown in Figures 8-29 and R30 
is recommended. Here, fuses provide the primary fault pro- 
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Figure 8-28: Connections and Operation of The CWC (87TG) 
Ground Differential Relay Where The Connected 
System is Ungrounded. 


tection. Solid grounding will assure sufficient primary phase 
fault current to operate the fuses for most secondary 
ground faults. The opening of a single primary fuse will re- 
sult in single phasing of the transformer secondary system. 
This may be difficult to detect particularly at light loads 
and appropriate precautionary measures should be taken. 


If the primary source is grounded and there is a power 
source on the secondary side, a ground fault on the incom- 
ing line will be interrupted by the primary breaker. The 
secondary breaker, however, will not be relayed open be- 
cause of the delta primary transformer connection. Failure 
of the secondary breaker to open can result in hazards to 
personnel, possible damaging transient overvoltages pro- 
duced by an arcing-type fault, and problems with auto- 
matic reclosing of the primary breaker. Several schemes 


8-22 


Figure 8-30: Paralleled Transformer Protection With Primary Fuses. 


can be used to ensure opening of the secondary breaker, in- 
cluding pilot protection of the incoming line, transfer-trip, 
or potential ground detection relaying schemes on the trans- 
former primary. Automatic reclosing is a special problem, 
requiring that the secondary breaker be opened before the 


primary source breaker is reclosed. 


When a normally open bus tie is used, as in Figures 8-26 and 
8-30, devices 67 and 67N are not required... 


Vill. REMOTE TRIPPING OF TRANSFORMER BANK 


Transformer banks are often applied as a part of the line sec- 
tion, with no high-side breakers. The protection problems 
associated with this combination are described in Chapters 
10 and 16. 


IX. PROTECTION OF PHASE-ANGLE REGULATORS 
AND VOLTAGE REGULATORS 


A phase-angle regulating transformer, which inserts or im- 
presses a regulated voltage on a line in quadrature with its 
line-to-ground voltage, is used to control power flow in the 
system. A voltage-regulating transformer compensates for 
drops in IR by inserting or impressing a regulated voltage on 
a line in phase with its line-to-ground voltage. These two 
transformers consist basically of a series unit and an exciting 
unit, located on at least two separate cores and in separate 
tanks. Depending on the design and size of the bank, the 
exciting unit may be wye- or delta-connected, and the series 
unit may be constructed as one unit or split into two identi- 
cal units. By mixing the control elements in the exciting 
unit, as shown in Figure 8-31, a single bank can sometimes 
provide both the phase-angle regulation and voltage control 
functions. The protective schemes for the phase-angle regu- 
lator and voltage regulator are as varied as the ways in which 
the bank is constructed. Figure 8-32 shows a typical scheme 
that could be used for the system shown in Figure 8-31. 
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Figure 8-31: Typical 400 MVA 115 KV Phase Angle Regulator, 


+26° with Voltage Control. 
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Figure 8-32: Typical Scheme for Protecting The Phase Angle Regulator of Figure 8-31. 


Device 87E (HU-I relays, one per phase) provides overall 
regulator protection. As shown in Figure 8-33, the currents 
Tey, ly, and I, are applied vectorially to the relay. Since all 
these currents flow in the primary circuit of the series wind- 
ings, saturation of the series windings from external-fault 
overvoltages will not affect the 87E relays. 


Figure 8-33: Overall Differential Protection for The Phase Angle 
Regulator of Figure 8-31. 


To set the 87E relays at their minimum tap, current trans- 
former ratios should be identical. A setting of 2.9 for all 
restraint elements will provide best sensitivity. Since the 
exciting unit secondaries are wye connected in this typical 
example, they cannot supply zero sequence current for ex- 
ternal ground faults. Consequently, the current traqsformers 
for 87E relays can be either wye or delta connected. Wye 


connection will permit faulted-phase identification, while 
delta connection will produce more current (/3) to operate 
the relay. 


Device 87S (HU relays, one per phase) provides differential 
protection for the series transformer. As shown in Figure 
8-34, the current transformers for current I,’ should be lo- 
cated at the neutral end of the windings to provide some 
backup protection for the exciting unit. 


Figure 8-34: Differential Protection for Series Winding of The 
Phase Angle Regulator of Figure 8-31. 


For the example shown in Figure 8-34, the series winding 
has a very low impedance and is designed for a rated voltage 
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equivalent to the quadrature voltage at maximum phase- 
angle shift (here, approximately 2 sin (26°/2), or 45 per- 
cent of the line-to-neutral voltage]. Asa result, the trans- 
former windings are subject to overvoltage or overexcitation 
conditions on external fault, which may produce saturation 
of the series windings, and cause false operation of the 87S 
relays. 


Whether or not an external fault will cause such overvoltage 
on the winding and false relay operation depends on several 
factors, including the characteristic of the series winding 
(saturation curve impedance and tap position), the location 
and type of fault, and the power system condition. A typi- 
cal analysis shows that faults on one side of the bank pro- 
duce false operation to the relay, while faults on the other 
side of the bank do not. Other cases indicate no overvoltage 
problems at all. If overvoltage is a problem, therefore, the 
87S relays should be desensitized as shown in Figure 8-23, 
for example. 


Device 51N1 (CO-2 relay) in the neutral circuit of the ex- 
citing unit secondary provides sensitive ground fault pro- 
tection for single-phase-to-ground faults on the secondary 
side of the exciting unit. The zero-sequence current distri- 


bution for a ground fault in this area is shown in Figure 8-35. 


Figure 8-35: Sensitive Ground Protection Zero Sequence Currents 
for a Secondary Ground Fault in The Exciting Unit of 
The Phase Angle Regulator of Figure 8-31. 


Device 51N2 (CO-5 relay) provides backup for device 51N1 
and for device 87E during single-phase-to-ground faults on 
the exciting unit primary. The current flow in netural de- 
pends on the autotransformer action of the faulted winding 
(Figure 8-36). Since the relay may pick up on external 
faults (Figure 8-37), 51N2 should be coordinated with the 
line overcurrent ground relays, as well as wih Nh 


Figure 8-36: Ground Backup Protection and Zero Sequence 
Currents for a Primary Ground Fault in The Exciting 
Unit of The Phase Angle Regulator of Figure 8-31. 
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Figure 8-37: Zero Sequence Currents for an External Ground 
Fault to The Phase Angle Regulator of Figure 8-31 
Iustrating That CO Relay (51N2) Must Coordinate 
With Line Side Ground. 


The sudden-pressure relay is recommended for these units, 
especially where there is a high potential for an arcing 
fault in thé tap changing equipment. 


X. ZIG-ZAG TRANSFORMER PROTECTION 


Since the connected system will be ungrounded in most ap- 
plications, a zig-zag grounding transformer can be protected 
against ground faults by the scheme shown in Figure 8-28. 
The overcurrent relays for the delta-connected current trans- 
formers provide phase-fault protection (Figure 8-38). The 
time-overcurrent relay (device 51) in the neutral provides 
back-up ground protection. This relay must be set to co- 
ordinate with ground relays in the connected system. Rate- 
of-pressure rise relays, such as the sudden-pressure relays, 
are recommended for light internal faults. 


The grounding banks are seldom switched by themselves. 
When they are switched, however, they are subjected to 


magnetizing inrush--just as for other types of transformers. 
Harmonic restraint relays (single-phase-t ype HRU), as 
shown in Figure 8-38, can be used to prevent inadvertent 
tripping during energization. 


3 Single Phase 
Type HRU 
(if Used) 


Set Long Time 
to Coordinate 
With System Relays 


Figure 8-38: Protection of a Zig-Zag Grounding Transformer and 
The Zero Sequence Currents for an External 
Ground Fault. 


XI. INTERCONNECTED, WYE-DELTA TRANSFORMER 
PROTECTION 


Some power transformer banks consist of zig-zag connected 
windings for phase correction or system grounding. As 
shown in Figures 8-39 and 8-40, the phase-angle shift be- 
tween the primary and secondary sides of the banks de- 
pends on their connections. In these examples, windings on 
one side are delta connected. As shown in Figure 8-41, 
however, a wye connection could also be used, introducing 
a phase-angle shift of either plus or minus 30°. The 
grounded wye is not a zero sequence current source for 
ground faults on the wye side, even if both windings are 
grounded. It is, however, a good zero sequence current 
source for ground faults at the zig-zag side. Both the phase- 
angle shift and zero sequence current source should be con- 
sidered when applying the differential scheme for these 
transformers. 
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Va! = Vab- Vea 
Vo = Vbc~ Vab 
Ve!= Vea-Vbe 


Ig=Ig'-Ig- (IerI¢) 
Ip= Ip'-I¢! —(Ig-Ib') 
IgeI¢'-Ig'-(Ip!-I¢) 


Figure 8-39: Interconnected Star Delta Transformers With 
Voltages in Phase on The Two Sides. 
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Va'= Vab - Vbc 
Vo'= Vbc ~Vea 
Vc! = Vea~Vab 


Ig=Tg!-Ie!-(Te'-Iy!) 
Ip=Tp'-Ta!- (Ia! -Tc') 
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Figure 8-40: Interconnected Star Delta Transformer With 
Voltages 60° Apart on The Two Sides. 
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a) The Grounded Wye is Not a Ground Source for Ground Faults on 
The Wye Side. 


—+ 1970 


b) Zig-Zag Windings Provide a Good Ground Source Only on That Side 


Figure 8-41: Interconnected Star Delta Transformer With Wye 
Phase Voltages Lagging 30° from Zig-Zag 
Phase Voltage. 


XII. PROTECTION OF SHUNT REACTORS 


XII.A. Shunt Reactor Applications 


Both EHV transmission lines and long HV transmission lines 
and cables require shunt reactance to compensate for their 
large capacitive reactance. This capacitance produces VAR 
generation which the system generally cannot absorb. This 
VAR generation increases as the square of the voltage and 

is a function of line length and the conductor configuration. 
In many cases it is necessary to absorb these VAR and pro- 
vide voltage control at both terminals during normal! opera- 
tion. High overvoltage on sudden loss of load must be lim- 
ited as well. System switching and operation may require 
different amounts of VAR absorption and even, at times, 


f 


some VAR generation. 


Shunt reactance for VAR control is obtained by: 


a. Fixed shunt reactors 
b. Switched shunt reactors or capacitors 
c. Synchronous condensers. 


Fixed shunt reactors are generally used for EHV and long 
HV lines and for HV cables. Switched shunt reactors or 
capacitors and synchronous condensers are applied in the 
underlying system and near load centers. 


Shunt reactors vary greatly in size, type, construction, and 
application. Their capacities range from 3 to 125 MVA, at 
voltage levels from 4.6 kV to 765 kV. They can be single 
phase or three phase, oil or dry type, with either air or 
gapped-iron cores. The connections may be (1) directly to 
the transmission circuit, (2) to the tertiary winding of a 
transformer bank that is part of the line, or (3) to the low- 
voltage bus associated with the line transformer bank. (This 
third application is not common.) 


Line reactors, which are connected directly or through a dis- 
connect switch, are a part of the transmission circuit. Cir- 
cuit breakers are seldom used. The neutrals of the reactors 
are solidly grounded or grounded through a neutral reactor. 
Reactor faults require that all line terminals be open. 


When connected to the tertiary of a transformer bank, cir- 
cuit breakers are generally used, either in the supply or in 
the neutral. Opening the neutral breaker does not isolate 

a reactor fault. Tertiary applications are operated either un- 
grounded or grounded through impedance. 


Line operation without a reactor can result in a very high 
overvoltage when load is lost, such as when one end is 
opened. This factor encourages the use of direct-connected 
reactors to avoid accidental loss of service should load be 
lost. 


Line-connected reactors are generally included within the 
line protection zone and are often well protected by the 

line relays adjacent to the units. Separate reactor relays are 
recommended, however, since the remote terminal may have 
difficulty detecting a reactor fault. These relays can be ap- 
plied with current transformers sized to the reactor MVA 
and should include some way of transfer-tripping the remote 
line terminals—especially on long lines or where the remote 
terminal is a relatively weak source. With separate reactor 
relays, the line relays provide additional backup. 


Tertiary-connected reactors can be included in the trans- 
former bank differential zone. Separate reactor-protection 
relays are recommended. Where practical, the transformer 
protection zone overlap should be used as backup. Line- 
side reactor breakers allow the protection to be separated, 
so that the transformer bank need not be tripped for reactor 
faults. In such cases, the possibility of high voltage during 
operation without the reactors should be examined. 


The protective techniques commonly used for reactor pri- 
mary and backup protection are: 


a. Rate-of-rise of pressure (applicable to oil units with 
sealed gas chamber above the oil level) 


b. Overcurrent (three phase and/or ground) 


c. Differential (three phase or ground only). 


Other protective relaying techniques, such as distance, nega- 
tive sequence, and current balance, have been used to a lim- 
ited extent. 


XII.B. Rate-of-Rise Pressure Protection 


Rate-of-rise pressure protection provides the most sensitive 
protection available for light internal faults. Tripping is rec- 
ommended, although the protection is sometimes used for 
alarm only. An alarm operation should be monitored care- 
fully since there are cases where a fault left no tangible evi- 
dence after the first pressure relay operation but later devel- 
oped into a severe fault. Even on the severe fault, the pres- 
sure relay was distrusted because of the initial assumed false 
operation. 


Rate-of-rise pressure protection can be used as separate pri- 
mary protection only if the line protection or transformer 
differential protection is available for faults outside the re- 
actor tank and for backup protection. Rate-of-rise pressure 
protection is, of course, not applicable to dry-type units. 


XILC. Overcurrent Protection 


Overcurrent phase and ground protection for reactors is 
shown in Figure 8-42. To avoid operation on transients, the 
phase-type CO time-overcurrent units (51) are set at 1.5 
times rated shunt reactor current; the IIT instantaneous 
units (50) are set at five times rated current. The ground re- 
lay unit (51N) can be set at 0.5 to 1.0 A and relay (SON) at 
five times more than the SON setting. Both ground units 
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should be set above the zero sequence current (316) contri- 
bution of the reactor for faults outside the reactor protec- 
tion zone. This setting will avoid operation on line deener- 


gizing oscillations. If the reactor is connected to an un- 
grounded system, 50N and 51N should be omitted. This 
scheme requires only one set of current transformers. 


Figure 8-42: Phase and Ground Instantaneous and Time 
Overcurrent Protection for Shunt Reactors. 


XII.D. Differential Protection 


Separate phase differential relays (87), as shown in Figure 
8-43, are applicable for either three-phase or single-phase re- 
actor units. With single-phase units, the separate differential 
relays aid in identifying the fault. The relays detect both 
winding and bushing faults. Since the relays will see mag- 
netizing inrush as a “through” condition, generator-ty pe 
relays can be used. Either the SA-1 or the generator CA- 
type relays may be applied; both provide sensitive internal 
fault protection (0.14 A for the SA-! and 0.18 A for the 
CA). " 


=@ Alternate or Optional 
= SON/SIN 


Figure 8-43: Separate Phase Differential Protection With Optional 
Ground Time Overcurrent Backup Protection for 
Shunt Reactors. 


A single CA-16 or HU relay can be used for a combined 
phase and ground differential. The four restraints are con- 
nected to the three lines and one neutral current trans- 
former, as shown in Figure 8-44. The minimum pickup 
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of the CA-16 is 0.15 A and of the HU-4 is 0.87 A. The op- 
tional ground relay (50N/51N) provides backup protection 
and is set as for the overcurrent ground protection unit, de- 
scribed above. 


Alternate or Optional 


Figure 8-44: Phase Instantaneous and Time Overcurrent With 
Ground Differential Protection for Shunt Reactors. 


The scheme shown in Figure 8-45 provides an excellent 
combination of phase instantaneous and time-overcurrent 
with ground differential. For single-phase reactors, phase 
faults which do not involve ground cannot occur—at least 
within the tank. Therefore, the three 50/51 relays are 
backup protection, which could be omitted. 


Figure 8-45: Combined Phase and Ground Differential Protection 
for Shunt Reactors. 


The type SA-1 or CA generator differential relays can also 
be used for the ground differential (87N). Additional se- 
curity can be obtained by using the type CWC relay, par- 
ticularly if the current transformer performance may be in- 
ferior. This connection is shown in Figure 8-27. Also, the 
ratios do not have to be identical. Sensitivity can be in- 
creased by using a lower-ratio neutral current transformer, 


{. 


as described above. 


Where the shunt reactor is grounded and connected to an 
ungrounded system, a CWC relay can be used, with the con- 
nections shown in Figure 8-28. 


XIEE. Reactors on Delta System 


On delta systems, shunt reactors are usually connected to 
the tertiary of a power transformer associated with the line. 
Since most faults will involve ground, the units or the as- 
sociated system are grounded through high resistance for de- 
tection purposes. Neutral resistance grounding is shown in 
Figure 8-46, and voltage transformer grounding in Figure 
8-47 (see Chapter 11). To limit both transient overvoltage 
and ground fault current, the resistor is sized so that lor 
equals loc: Since the system capacitance to ground is very 
large, the impedance of the associated system is essentially 
negligible and is not shown in the zero sequence diagrams. 
While the primary current for a ground fault is quite small, 
the secondary current will be large. If 59N is used for alarm 
instead of tripping, the secondary current may exceed the 
continuous thermal rating of the voltage transformers. 


Ungrounded System 


Zero Sequence 


Reactors ore 


3Vo= 31 (R) 


}loc Se 5A | Yor 


system 
Transformer r| (an) Capacitance 
Distribution to Ground 


Resistor 


Reactor 


Figure 8-46: Neutra! Rasistance Grounding for Ground Fault 
Detection. 
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Figure 8-47: Resistance Grounding thru Voltage Transformer for 
Ground Detection. 


The CV-8 relay for 59N provides sensitive protection: its 
pickup is 8 percent of its continuous rating. For tripping, 
therefore, the 69-V CV-8 operates for 3E9 voltages of 5.5 V 
or more. For alarm, the 199-V CV-8 operates at 15.9 V or 
more. For alarm applications, the continuous 3Eq voltage 
should not exceed the 69- or 199-V rating unless a series 
resistor is used to limit the voltage across the relay to its 
rating. (See Chapter 6). 


Phase protection for three-phase reactors can be obtained 
by overcurrent or differential relay schemes. Overcurrent 
protection is the same as for Figure 8-42, without 5ON/51N; 
differential protection is as shown in Figure 8-44 or as is in 
Figure 8-43, without SON/SIN. The arrangements offer 
little protection for single-phase reactors unless a second 
ground fault should develop in another unit. 


Although including the reactor within the transformer dif- 
ferential circuit provides some phase-fault protection, it of- 
fers no ground-fault protection with high-impedance ground- 
ing. Even the phase-fault protection is limited, since the 
current transformers of the transformer differential are 

sized for transformer capacity and not for the smaller re- 
actor MVA. 


Low impedance or solid grounding of the reactors may be 
used. In this case, either the 50N/51N neutral overcurrent 
relay (Figures 8-46 and 8-47), or the 87N ground differen- 
tial of Figure 8-28 should be applied. 


XILF. Turn-to-Turn Faults 


Light turn-to-turn faults are extremely difficult to detect. 
While the rate-of-rise of pressure relay offers the greatest 
sensitivity, its application is limited. The reactors must be 
oil-type, and the fault must cause sufficient pressure change 
to operate the unit. While transformer action in a turn-to- 
turn fault can produce a large current within the shorted 
turn, there is very little current change at the terminals of 
the unit. The effect is equivalent to an autotransformer 
with a shorted secondary. The impedance change that will 
occur in one phase can be represented by Symmetrical Com- 
ponents as a shunt unbalance. As shown in Figure 8-48, im- 
pedance Z, of phase a is not equal to the other two phases, 
shown with a total reactor impedance of Zp- For this condi- 
tion, the sequence networks are connected as shown in Fig- 
ure 8-48. 
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Figure 8-48: Shunt Reactor With a Shorted Turn in Phase “a” so 
That ZA<ZB and The Sequence Connections for an 
Unbalanced Impedance in Phase “a”. 


Because of the transformer action, the change in impedance 
of the total phase circuit for a shorted turn is difficult to 
calculate. As a rough estimate, assume a change of 3 per- 
cent in the phase with the shorted turn. Also assume that 
the fault has not yet involved ground or other phases. Given 
these assumptions, and neglecting phase angles, shunt ca- 
pacitance, and transformer action, negative and zero se- 
quence currents will be less than 1 percent. Removing the 
ground from the units does not change the positive and neg- 
ative sequence currents significantly, although it does elim- 
inate the zero sequence. The magnitudes of the currents 
are largely a function of the total reactor impedance; the 
source impedance is relatively low compared to the reactor 
impedance. 


The small unbalances and sequence currents associated with 
turn-to-turn faults generally are no larger than the normal 
or tolerable unbalances. Consequently, there seems to be 
no reliable “handle” to distinguish between the intolerable 
and tolerable conditions. While special schemes or relays 
have been reported, they will probably require very careful 
“custom” applications and could well be subject to false op- 
eration. 


As the turn-to-turn fault spreads to more turns, the current 
will increase. The POQ negative sequence relay will operate 
at 0.2 A negative sequence. The relay should be applied 
with a timer to avoid operation on system transients and ex- 
ternal faults, and should be disabled when the breaker is 
opened. This latter safeguard avoids possible operation on 
low frequency line oscillations after the line is deenergized. 
With very little resistance in the line, such oscillations can 
last an appreciable time. 
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I. INTRODUCTION 


Differential protection is the most sensitive and reliable 
method for protecting station busses. However, problems 
can result from the large number of circuits involved and 
the different energization levels encountered in these cir- 
cuits for external faults. For example, if there is an exter- 
nal fault on one circuit of a six-circuit bus, five of the cur- 
rent transformers may supply varying amounts of fault cur- 
rent, but the sixth and faulted circuit must balance out the 
total of all the others. Consequently, this circuit is ener- 
gized at a much higher level—near saturation or with vary- 
ing degrees of saturation—giving rise to possible high false 
differential currents. 


For the same reasons, dc saturation also is unequal. Dc sat- 
uration is much more serious than ac saturation, because a 
relatively small amount of dc from an asymmetrical fault 
wave will saturate the transformer core and appreciably re- 
duce the secondary output. 


Of the several available methods for solving the unequal 
performance of current transformers, three are in common 
use: 


a. Eliminating the problem by eliminating iron in the cur- 
rent transformer (LC linear coupler system). 


b. Using a multi-restraint, variable-percentage differential 
relay, which is specifically designed to be insensitive to 
dc saturation (CA-16 relay system). 


c. Using a high-iispedance, voltage-operated differential re- 
lay with a series-resonant circuit to limit sensitivity to 
the dc component (KAB relay system). 


Ii. THE LINEAR COUPLER DIFFERENTIAL SYSTEM 


The linear coupler scheme provides highly reliable bus pro- 
tection. Of the three systems commonly in use, it has the 
fastest operating time; is the easiest to apply, set, and main- 
tain; and can readily accommodate switching or changes in 
the bus layout. Since iron is eliminated, an air-core trans- 
former—a linear coupler—is required. Adding a linear cou- 
pler can be a disadvantage, particularly in existing installa- 
tions where adequate current transformers exist. 


Bushing Type 


Wound Type 


Figure 9-1: Linear Couplers Input Devices. (Appearance is Similar 
to Conventional Iron Core Current Transformers). 


Linear couplers are air-core mutual reactors wound on non- 
magnetic toroidal cores, so that the adjacent circuits will 
not induce any unwanted voltages. Usually mounted ina 
circuit breaker or transformer bushing, linear couplers can 
be designed to fit into the same space as a conventional cur- 
rent transformer. Bushing- or wound-type units are availa- 
ble for all voltage classes. Typical units are shown in Fig- 
ure 9-1, The single conductor through the center of the 
units forms the primary of an air-core reactor and provides 
a definite linear relationship between the primary current 
and the secondary voltage. By design, 5 volts is induced per 
1000 amperes of primary current, producing a mutual im- 
pedance, M, of 0.005 ohm for 60 Hz. That is, 


E...= lori M Volts 


sec (9-1) 


The couplers have a negligible dc response, so only the 
steady-state conditions need be considered. The linear 
coupler method of differential protection is a voltage- 
differential scheme in which a series circuit is used. The 
linear coupler protective system for a typical four-circuit 
bus is shown in Figure 9-2. All the linear coupler second- 
aries of a particular phase are connected in series with one 
LC relay to form a closed loop. Under normal conditions, 
or when external faults occur, the induced voltages in all 
the linear couplers are cancelled out. On internal faults, the 
net voltage will operate the relay. For the simple series cir- 
cuit shown in Figure 9-3. 
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Figure 9-2: The Linear Coupler Bus Protective System With Typical 
Values Illustrating Its Operation on Internal and 
External Faults. 


where 
Ip = current in linear coupler secondary and 
relay 


ELec = voltage induced in linear coupler second- 


ary 


lori = primary current in each circuit, rms sym- 


metrical 


mutual reactance 


4 
" 


.005 ohm for 60 Hz 


Zc = self-impedance of linear coupler second- 
ary 


ZR = relay impedance 


Figure 9-3: Three Phase Application Schematic for The Linear 
Coupler Protection System. 


The lead impedance can be neglected, since it is negligible 
compared with a 30-to-80-ohm relay impedance and 2-to-20- 
ohm self-impedance of each linear coupler. The self- 
impedance of the linear couplers is a function of the design 
and is stamped on the nameplate. The stated impedance is 
accurate to within £5%. 


The mutual impedance, accurate to within +1%, determines 
the spread between the maximum external fault for no trip- 
ping and the minimum internal fault for which the relays are 
set to trip. For the external fault shown in Figure 9-2, the 
worst possible case would occur if the linear couplers on all 
the unfaulted source circuits were out by +1%, and the lin- 
ear coupler on the faulted circuit was out by -1%. Maxi- 
mum error is thus 2%. With this maximum error, if the re- 
lay were set to operate for an X-ampere internal fault, it 
would also trip for 5}0X-ampere external faults. 


Applying a 2:1 safety factor, the recommended application 
range between the maximum external fault and minimum 
internal fault is specified as 25:1. The external fault usu- 
ally will be a solid three-phase fault, while the internal fault 
will usually be a line-to-ground fault. 


Two relays are applied with linear couplers: the LC-1 relay 
operates at 0.5 to 8 VA; the LC-2 relay operates at .0085 to 
.062 VA. The typical energy curves for the LC-2 are shown 
in Figure 9-4, 


The LC-1 relay has a solenoid operating unit (ac contactor 
switch) connected through an impedance-matching auto- 
transformer with 30-, 40-, 60-, and 80-ohm taps. These 
taps represent the approximate internal impedance, Zp: of 
the relay. Internal impedance will vary in magnitude and 
phase angle with contact travel. Above 150% of pick-up, 
the time of operation is 16 ms or less. 


The LC-2 relay consists of a polar unit energized through a 
full-wave rectifier and impedance-matching transformer 
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Figure 9-4: Typical Energy Curves for The Type LC-2 Relay. 


with 30-, 40-, 60-, and 80-ohm taps. A contactor switch 
shock-proofs the relay. The 20-to-30-ms operating time in- 
cludes 12 ms for the contactor switch. 


The LC-1 relay was originally designed for high-fault cur- 
rent busses and the LC-2 for light-fault current busses. Op- 
erating experience has shown, however, that the LC-2 relay 
can also be used for high-fault current busses if a resistor is 
used to limit the operating current within the recommended 
range. 


When systems are grounded through a current-limiting im- 
pedance, or when the 1:25 current ratio requirement is not 
met, a fourth or ground-type LC-2 relay may be required. 


II.A. Applying Linear Coupler Bus Protection 


The first step in setting linear coupler relays is to determine 
the maximum fault current that can occur on a fault exter- 
nal to the bus. This value is divided by 25 to give the mini- 
mum setting. Comparing this calculated value with the min- 
imum fault current fora fault on the bus will indicate 
whether a ground relay is required. 
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The relay-operating voltage is obtained by multiplying the 
minimum setting current by .005. The relay tap should be 
approximately equal to the total self-impedance of all the 
linear couplers in the circuit, since maximum energy trans- 
fer exists when these impedances are matched. Close 
matching is only important if the minimum setting is crit- 
ically near minimum fault. In fact, deliberate mismatching 
can be used where the relay current is higher than the relay 
range. 


IL.B. Setting Example for Linear Coupler Bus Protection 
A typical example will illustrate the application and setting. 


A section of 230 kV bus has 6 circuits (3 transmission lines, 
2 transformer banks to the 115 kV system and 1 bus tie). 
The maximum external fault is 23,800 amperes rms sym- 
metrical, and the minimum internal fault is 1800 amperes 
rms symmetrical. The linear couplers on the six circuits 
have the following self-impedance: 


Transformer bank #5 9.8 +j10.75 
Transformer bank #4 3.9+j 6.6 
Line 582 4.3+j 7.2 
Line 382 4.3+j 7.5 
Line 682 3.0+j 3.6 
Bus tie 10.7 +j12.7 


Zo = 36.0 + j48.35 


The linear coupler relays are set as follows: 


a. The primary current, Tori 


_ 23,000 
25 


= 953 Amp. 


b. Since ori is smaller than the minimum fault current 
(1,800 A), three LC-2 relays can be used. 


c. The sum of the linear coupler self-impedances, Ze 


= 36.0 +j 48.35 


7 60.28/ 53.33° ohms. 


d. Selecting the 60-ohm tap and assuming ZR = 60/ 32° 
ohms = 55.63 + j 22.48 ohms, the total secondary circuit 
impedance, Z, 

= Zc + ZR 
= (36.0 + j 48.35) + (55.63 +j 22.48) 
= 91.63 +j 70.83. 
or, Z,= 115.81 37.7° ohms. 
e. From Equation (9-1), 
M1 vi = 953 x .005 


= 4,76 Volts 


f. From Equation (9-2), 


IR- 775.81 


= 0411 Amp. 


g. From Figure 9-5, for IR = 45 mA, and the 60-ohm tap, 
Zp = 46/22° ohms instead of the assumed 60 ohms of 
step (d). This modification gives the total secondary cir- 
cuit impedance, Z, 


= (36.0 +j 48.35) + (42.65 +j 17.23) 


= 78.65 +j 65.58 


or, 5 = 102.4 /39.82° ohms. 


Repeating step (f), 


ies 
R- 102.4 


= 0465 Amp. 
Since this current is above the recommended setting level 


shown in Figure 9-4, a resistor should be used to reduce 
the relay current. 


h. Using a 19-ohm resistor in parallel with the LC-2 coil, 


and assuming a coil impedance of 48/ 22° ohms for the 
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Figure 9-5: Typical Impedance Curve for The Type LC-2 Relay. 


60-ohm tap, with a relay current of 35 mA, the resistor/ 
coil paralleled combination has an impedance, Z, of 


19 x 48 /22° 


19 + 48 /22° 


19 x 48 /22° 


66.0 /15.8° 
= 13.82 /6.2° 


= 13.74 +j 1.49 ohms 


i. Again, as in step (d) above, the total secondary circuit 
impedance, Z, 


= (36.0 +j 48.35) + (13.74 +j 1.49) 
= 49.74 +5 49.54 


That is, Z, = 70.2 /44.88° ohms 
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j. And in step (f), 


= .0678 Amp. 


The current in the relay coil of the paralleled combina- 
tion is 


_ 0678 x 19 
R 66.0 


= .0195 Amp. 


k. From Figure 9-5, Zp = 56 722° ohms for 19.5 mA on 
the 60-ohm tap. To adjust, repeat step (h). The total 
secondary circuit impedance, Zg 


_ 19 x 56/22° 
19 +56/22° 


_ 19 x 56 22° 
74 [16.4 


= 14.38 /5.6° 


or, Z = 14.3 +j 1.4 ohms. 


Repeating step (i) and (j), above, the total secondary 
circuit impedance, Z, 


= (36.0 +j 48.35) + (14.3 +j 1.4) 


= 50.3 +j 49.75 


= 70.74 /45.32° ohms 


= 0674 Amp. 
and the current in the relay coil, 


19 
Ip = 0674 x= 


.0173 Amp. 
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For Ip = .0173 Amp on the 60-ohm tap, Figure 9-5 indi- 
cates that ZR = 58 /22° ohms. Since this value is quite 
close to the 56 /22° value used in step (g), the calcula- 
tion need not be carried any further. In most applica- 
tions, one or two calculations are sufficient. 


The relay should be adjusted to trip at I= .0173 Amp on 
the 60-ohm tap by using the magnetic shunts at the rear of 
the polar element assembly. 


If, for this example, the maximum fault current were in- 
creased to 35,200 Amp, the calculation would be: 


ied 35,200 
pri 25 


1408 Amp. 


MI yj = 1408 x .005 


= 7.04 Volts 


Using the same 60-ohm relay tap, step (k) is repeated using 
ZR = 52 /22° ohms. Thus, the combined resistor/coil im- 
pedance, Z 


219%52/22° 
19:452722° 


219% 52722° 


69.98 /16.6° 
= 14.12 /5.84° 


That is, Z = 14.05 +j 1.44 ohms. 
The total secondary impedance, Z, 


= (36.0 +j 48.35) + (14.05 +j 1.44) 


= 50.05 +j 49.79 


. = fe) 
That is, Z, = 70.6 /44.85~ ohms. 


feck 7.04 
sec 70.6 
= 0997 Amp. 
19 
IR = .0997 x 70.6 
= 0268 Amp. 


This current is within the recommended operation range as 
indicated in Figure 9-4. Thus, an increase in current does 


not change the installation; it only requires a relay adjust- 
ment. 


II.C. Frequency Response of Linear Couplers 


Linear couplers transform all frequencies very efficiently. 
Bus differential applications with back-to-back switched 
capacitors can produce very high frequency, high voltage 
transients. Magnitudes of 4.75kV rms at 2900 hertz have 
been measured across the linear coupler secondaries. Type 
RVS signal arrestors can be used on the linear coupler sec- 
ondaries to clip these transients. They have a 60 hertz 
spark-over value of 1100 volts rms, an impulse spark-over of 
2600 volts and discharge voltage levels between 1100 and 
1600 volts (8 x 20 microsecond wave crest) for 1500 to 
5000 amperes. As non-symmetrical breakdown of the ar- 
restors can occur to produce momentary false relay current, 
an 8-12 millisecond delay should be added to the relay, par- 
ticularly the LC-1 type. 


II.D. Advantages and Summary 


As illustrated in the above example, the linear coupler bus 
protection system can easily accommodate system changes 
and future expansion. In addition, it can be applied to an 
unlimited number of circuits. 


Since the linear couplers do not contain iron, there are no 
saturation or transient problems. The setting is calculated 
using only Ohm’s law. The operating time is less than 32 ms 
for the LC-2 and 16 ms for the LC-1. Both relays require 
minimum panel space. The operating voltages are safe for 
personnel and well within the insulation limits of all con- 
nected apparatus. Since linear couplers may be open cir- 
cuited with complete safety, circuits can be switched among 
several bus sections much more easily than can conventional 
current transformers. 


In connecting linear couplers, the four wires from the star- 
connected couplers should be transposed with respect to all 
other circuits and carried in the same conduit or duct. Ifa 
multi-conductor cable is used, the other conductors should 
not be used unless there is no possibility of their inducing 
tripping voltages in the linear coupler circuits. 


Manual test auxiliaries are used to check the scheme during 
installation and at regular test intervals. To check the nor- 
mal differential both for correct connections and for a 
shorted coupler, three high-resistance voltmeters are con- 
nected across the relays. With load currents flowing, these 
voltages should be very low or zero. Since the circuit might 


- 


also be open at some point, a second test, which requires 
opening the trip circuit, is also applied. A low series volt- 
age of 0.6 or 1.2 volts is introduced into the differential 
source. Approximately half this test voltage will appear 
across the voltmeter; the remainder will appear across the 
rest of the loop. An open circuit will cause the voltmeter to 
register zero voltage or full-test voltage, depending on 
whether the coupler or relay circuit is open. 


IW. MULTI-RESTRAINT DIFFERENTIAL SYSTEM 


Multi-restraint differential schemes use conventional current 
transformers, which may saturate on heavy external faults. 
For this reason, the secondary current output may not rep- 
resent the primary. In a differential scheme, the current 
transformers and relay function as a team. When the cur- 
rent transformers do not perform adequately, the relay can, 
within limits, make up for the deficiency. For this scheme, 
a more complex relay is required than that described for the 
linear coupler bus protection system. More elaborate appli- 
cation rules are also necessary, since there is a limit of cur- 
rent transformer performance beyond which the relay can- 
not compensate. 


The multi-restraint differential scheme uses the CA-16 
variable-percentage differential relay, which consists of 
three induction restraints and one induction operating unit. 
Two of the units are placed opposite each other and oper- 
ate on acommon disc. In turn, the two discs are connected 
to a common shaft with the moving contacts. All four of 
the units are uni-directional; that is, current flows in either 
direction through the windings, generating contact-opening 
torque for the restraint units or contact-closing torque for 
the operating unit. Each restraint unit also has two wind- 
ings to provide restraint proportional to the sum or differ- 
ence, depending on the direction of the current flow. If the 
currents in the two paired windings are equal and opposite, 
the restraint is cancelled. Thus, the paired restraint wind- 
ings have a polarity with respect to each other. Using this 
method, six restraint windings are available. 


In addition to providing multiple restraint, the variable- 
percentage characteristic helps in overcoming current trans- 
former errors. At light-fault currents, the current trans- 
former performance is good, and the percentage is small for 
maximum sensitivity. For heavy external faults, current 
transformer performance is likely to be poor, and the per- 
centage is large. The variable-percentage characteristic is ob- 
tained by energizing the operating unit through a built-in 
saturating autotransformer. 


The saturating autotransformer also presents a high imped- 
ance to the false-difference current, which tends to limit the 
current through the operating coil and to force more equal 
saturation of the current transformers. On internal faults, 
where a desirable high-difference current exists, saturation 
reduces the impedance. A further advantage of the saturat- 
ing autotransformer is that it provides a very effective shunt 


for the dc component, appreciably reducing the dc sensitiv- 
ity of the operating units. At the minimum pick-up current 
of 0.15 +5% Amp, the restraining coils are ineffective. 


When using the CA-16 relay, the current transformers 
should not saturate when carrying the maximum external 
symmetrical fault current; that is, the exciting current 
should not exceed one secondary ampere, rms. This re- 
quirement is met if the burden impedance does not exceed 


Ne Ver oVexp 100) 8, 
aD (9-3) 
1.33 Ipyy 

where 


Np = proportion of total current transformer 
turns in use 


VeL = current transformer accuracy-class volt- 
age 


Inxt = maximum external symmetrical fault 
current in secondary (amperes rms) (use 
IpxT = 100 if Inxt < 100) 


R, = current transformer resistance of the 
turns in use (ohms) 


For example, if the 400: 5 tap of 600:5 wye-connected class 
C200 current transformers are used, 


Np = 400/600 
= 0.67 


If IExT = 120A, and R, = 0.5 ohms, then the burden (ex- 
cluding current transformer resistance) should not exceed: 


0.67 x 200 - (120 - 100) 0.5 
1.33 x 120 
= 0.78 ohm (9-3) 


Settings for the CA-16 relay need not be calculated. Field 
experience indicates that one CA-16 relay per phase is satis- 
factory for the vast majority of applications. 
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External connections are as shown in Figures 9-6, 9-7, and 
9-8. The term circuit refers to a source or to a feeder group. 
For example, assume a bus consists of two sources and six 
feeders, and that the feeders are lumped into two groups. 


Restraint Windings 


Operating 
Winding 


(Not Used) 


Figure 9-6: Connection of One CA-16 Relay per Phase to Protect 
a Bus With Three Equivalent Circuits. (Connections 
for One Phase Only are Shown). 


The bus now reduces to four circuits. In paralleling current 
transformers, each feeder group must have less than 14 Amp 
load current (restraint coil continuous rating). If the bus 


reduces to more than four circuits, source-circuit current 
transformers or source- and feeder-circuit current trans- 
formers should be paralleled until only four circuits remain. 
These four sets of current transformers can then be con- 
nected to the relays as shown in Figure 9-7. 


Restraint Windings 


Operating 
Winding 


Figure 9-7: Connection of One CA-16 Relay per Phase to Protect 
a Bus With Four Equivalent Circuits. (Connections 
for One Phase Only are Shown). 


This rule does not apply, however, when three feeder groups 
are involved. Three feeder groups require connections as 
shown in Figure 9-8. First, each primary circuit must be 
identified as either a source or a feeder. As defined here, a 
feeder contributes only a small portion of the total fault 
current for a bus fault: all other circuits are sources. Next, 
a number of feeders are lumped into a feeder group by par- 
alleling feeder current transformers. Each feeder group 
must have less than 14 Amp load current and not contribute 
more than 10 percent of the total-phase or ground-fault cur- 
rent for a bus fault. 


Restraint 


Windings 
Source 


Operating 


Winding 


Feeder 
Group 


Figure 9-8: Connection of One CA-16 Relay per Phase to Protect 
a Bus With Six Equivalent Circuits. (Connections for 
One Phase Only are Shown). 


IV. HIGH-IMPEDANCE DIFFERENTIAL SYSTEM 


While the high-impedance differential scheme also uses con- 
ventional current transformers, it avoids the problem of un- 
equal current transformer performance by loading them 
with a high-impedance relay unit (Figure 9-9). This arrange- 
ment tends to force the false-differential currents through 
the current transformers rather than through the relay op- 
erating coil. 


For this scheme to be effective, the secondary resistance of 
the current transformer secondary circuits must be kept 
low. This requirement is met by bushing-type current trans- 
formers and current transformers with toroidally wound 


, 
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Adjustable 
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Circuit 


Figure 9-9: External Connection of Type KAB Bus Differential Relay. 


cores, such as those used in metal-clad equipment. All cur- 
rent transformers should have the same ratio and operate on 
the full winding. If taps must be used, the windings be- 
tween the taps must be completely distributed, and any 
high voltage at the full-tap terminal caused by autotrans- 
former action should be checked to avoid insulation break- 
down. In general, auxiliaries should not be used to match 
ratios. Where auxiliaries cannot be avoided, the additional 
impedance and the high voltage which they transform 
should be checked, both to ensure satisfactory operation 
and to avoid insulation failure. 


To minimize the impedance from the current transformers 
to the junction point, all the secondaries should be parallel 
in the switchyard, as close as possible to the current trans- 
formers (Figure 9-9). Optimally, the junction point should 
be equidistant from all current transformers. From the 
junction, four leads connect to the three KAB relays. The 
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high-impedance differential KAB relay consists of an in- 
stantaneous overvoltage cylinder unit (V), a voltage-limiting 
suppressor (varistor), an adjustable tuned circuit, and an in- 
stantaneous current unit (IT). 


On external faults, the voltage across the relay terminals 
will be low—essentially zero unless the current transformers 
are unequally saturated. On internal faults, the voltage 
across the relay terminals will be high and will operate the 
overvoltage unit. Since the impedance of the overvoltage 
unit is 2600 ohms, this high voltage may approach the open- 
circuit voltage of the current transformer secondaries. The 
varistor limits this voltage to a safe level. 


Since off-set fault current or residual magnetism exists in 
the current transformer core, there is an appreciable dc 
component in the secondary current. The dc voltage that 
thus appears across the relay will be filtered out by the 
tuned circuit, preventing relay pickup. 


The IT current unit provides redundant protection for high 
internal faults. Its time of operation is slightly less than for 


the V unit, hence it is not necessary for speed improvement. 


It can be bypassed, if desired, as illustrated in Figure 9-9. 
The range of adjustment is 3 to 48 amperes. 


The KAB relay has successfully performed operations up to 
external fault current of 200 Amp secondary, and down to 
internal fault current of 0.27 Amp secondary. Its typical 
operating speed is 25 milliseconds. 


The overvoltage unit is set by calculating the maximum pos- 
sible voltage on external fault as follows: 


I 


F 
Va = KR tRDY (9-4) 


where 


Ve = pickup setting of the V-unit (volts, rms) 


R, = dc resistance of current transformer sec- 
ondary winding, including internal leads 
to bushing terminals 


Ry = resistance of lead from junction points to 
the most distant current transformer (one- 
way lead for phase faults, two-way lead 
for phase-to-ground faults) 


ie maximum external primary fault current 
(amperes, rms) contributed by the bus 


N = current transformer turns ratio 
K = margin factor 


The maximum voltage occurs when the faulted circuit cur- 
rent transformer is completely saturated and there is no 
saturation in the source current transformers. The maxi- 
mum voltage is equal to the resistance drop of the second- 
ary current through the leads and secondary winding of the 
saturated current transformer. In practice, the faulted cur- 
rent transformer will never completely saturate, and the 
source current transformers will tend to saturate. As a re- 
sult, the actual maximum voltage is less than the theoretical 
value. The margin factor, K, which modifies this voltage, 
varies inversely with the current transformer saturation fac- 
tor, SF. 


a. (R, + R,) Ip 


(9-5) 
SE NV, 


where 


VE = knee voltage* value of the poorest current 
transformer connected to the relay. 


The margin factor curve, shown in Figure 9-10, is based on 
tests of the KAB relay in the Westinghouse High Power 
Laboratory. The curve includes a safety factor of 2. The 
maximum number of circuits that can be connected to the 
relay, or the minimum internal fault current required to op- 
erate the relay, can be estimated from the following equa- 
tion. 


Tmnin = (X le tig tly) N (9-6) 
where 
1 a = minimum primary fault current (am- 
peres, rms) 


I, = secondary excitation current of the cur- 
rent transformer at a voltage equal to the 
setting value of V-unit (amperes) 


Tp = current in the V-unit at setting voltage 
VR (amperes) (that is, Ip = V R/2600) 


ly = current in varistor circuit at a voltage 
equal to the setting value of V-unit (am- 
peres) see Figure 9-11 


N = current transformer turns ratio 


X = number of circuits connected to the bus. 
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Figure 9-10: Empirical Margin Factor for Setting The V-Unit of The 
KAB Relay. 


*The knee voltage is defined as the intersection of the extension of 
the two straight-line portions of the saturation curve. The ordinate 
and abscissa must use the same scales. 


Volts (Rms) 


Amperes (Rms) ly 


Figure 9-11: Typical Volt-Ampere Characteristic of The 
KAB Varistor. 


V. SETTING EXAMPLE FOR THE KAB BUS 
PROTECTION 


Assume a six-circuit bus for which the maximum external 
three-phase fault current is 60,000 amperes rms, symmetri- 
cal; the maximum external phase-to-ground fault current is 
45,000 Amp, and the minimum internal fault current is 
10,000 Amp. The current transformer ratios are 2000:5 
(ANSI class C400). V, is 375 V. The secondary winding 
resistance, Ry, is 0.93, and one-way lead resistance to junc- 
tion point, Ry> is 1.07 ohms. 


V.A. Settings for the V Voltage Unit 
For the three-phase fault condition: 


(0.93 + 1.07) 60,000 _ 


400 x 375 Oe i) 


From Figure 9-10, K > 0.82, therefore: 


Vp = 82 (0.93 + 1.07) sone 
7 400 
= 246 Volts (9-4) 
For the phase-to-groumd fault condition: 
(0.93 + 2 x 1.07) 45,000 _ 0.92 (9-5) 


400 x 375 


And from Figure 9-10, K > 0.77, therefore: 


45,000 
Vez .77 (.93 +2 x 1.07) 400 


= 266 Volts (9-4) 
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The minimum setting of the V-unit in the KAB relay, there- 
fore, should be at least 266 V—the larger value for either 
the three-phase or phase-to-ground conditions, as calculated. 


V.B. Setting for the IT Current Unit 


The IT setting is determined from Figure 9-12. The higher 
value is used as the ordinate as determined from the three- 
phase and phase-to-ground fault. Thus for the example, the 
ordinate value is; 


(0.93 + 1.07) 60,000 _ 


Three-Ph Fault: 
ree-Phase Fault 400 


300 


(0.93 + 2 x 1.07) 45,000 _ 


Phase-to-Ground Fault: 400 


345 


In Figure 9-12 using 345 and R, + Ry = 3 ohms, the IT 
unit should be set at 43 amperes. 


o 15.2 


4 6810 152 
IT Unit Setting (Amperes RMS) —» 


4 6 810 1520 40 60 100200 


Figure 9-12: Typical Setting Curve for The IT Unit The KAB Relay. 


VI. PROTECTING A BUS THAT INCLUDES A 
TRANSFORMER BANK 


Ideally, where the bus includes a power transformer bank, 
separate protection should be provided for the bus and for 
the transformer, even though both protection schemes must 
trip all breakers around the two units. Such a system offers 
maximum continuity of service, since faults are easier to lo- 
cate and isolate. Also, using a bus-differential relay for bus 
protection and a transformer-differential relay for trans- 
former protection provides maximum sensitivity and secur- 
ity with minimum application engineering. 
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However, economics and location of current transformers 
often dictate that both units be protected in one differen- 
tial zone. For these applications, either the multi-restraint 
HU-4 or the CA-26 relays should be used. 


The HU-4 relay is similar to the HU and HU-1 relays, ex- 
cept that it has four restraint windings. Also, the rectified 
outputs of the restraint transformers are connected in se- 
ries, providing a higher restraint force when a through fault 
occurs on the bus. Since the dc saturation of current trans- 
formers will allow current to pass in the HRU transformers 
and possibly pick up the IIT, the IIT unit of the HU-4 re- 
lay is set at 15 times the rms tap value to prevent false trip- 
ping for external faults. 


Similar to the CA-16, the CA-26 relay has a stronger con- 
tact spring and a higher pickup of 1.25 5% amperes to help 
override inrush. Its variable restraint curve is more inverse 
than the CA-16, and its operating time is approximately 3 
cycles. 


A A 


Differential Unit 
Restraint Windings 


Harmonic 
Restraint 
Unit 
(HRU) 


Differential Unit Operating Winding 
and Instantaineous Trip IT Unit 


Figure 9-13: Typical Application of HU-4 Relay for Protecting a 
Large Transformer Bank Associated With HV and EHV 
Busses. (Auxiliary Current Transformers for Ratio 
Matching are Not Shown) 
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Restraint 


{} 
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Figure 9-14: Protection of a Typical Transformer Section Where 
The Transformer Tertiary is Brought Out for Load or 
Connected to an External Source. : 


Of the two types, the HU-4 relay is preferred, as it is im- 
mune from operation on transformer magnetizing inrush. 
The HU-4 should always be applied for large transformer 
banks or for banks associated with HV and EHV busses. A 
typical application, shown in Figure 9-13, protects a three- 
winding transformer bus with four circuits. Figure 9-14 
shows another typical application used in EHV systems. 


The CA-26 relay is applicable for relatively small transform- 
ers remote from generating stations, HV, and EHV busses. 
Here, inrush will usually be light and will not cause the 
CA-26 to operate. If, however, complete security against 
inrush is required, the HU-4 must be applied. 


With the CA-26 relays, the four-circuit bus connections of 
Figure 9-7 are not recommended for bus protection, since 
the relay may have too much restraint when energizing the 
bus on a fault. , 


The bus CA-16 relay should not be used for transformer dif- 
ferential, since it is too sensitive to override magnetizing in- 
rush. 


VII. OTHER BUS PROTECTIVE SCHEMES 


Other methods for protecting busses are in limited use: (1) 
current-differential schemes with overcurrent relays, (2) 
partial-differential schemes, (3) directional-comparison re- 
laying, and (4) the fault-bus method. Except for the latter, 
these schemes are most often applied as economic compro- 
mises for the protection of busses that have been in service 
for many years. 


VII.A. Overcurrent-Differential Relaying 


The differential circuit is obtained by paralleling all the cur- 
rent transformers with an induction-disc overcurrent relay 
across their output. Relays must be set above the maximum 
false-difference current for an external fault. That is, very 
little saturation can be allowed if any degree of internal- 
fault sensitivity is to be obtained. A certain amount of dc 
or ac saturation can be tolerated, because (1) the operation 
of induction-disc relays on the dc component is less effi- 
cient, and (2) the relay operation is not instantaneous. 


To increase the response of these schemes, the dc time 
decrement must be short. This requirement virtually limits 
applications to substation busses remote from large generat- 
ing stations. The most common application is in a ground- 
differential system where the critical external fault is a 


double line-to-ground fault. The phase-fault components 
can cause the current transformers to saturate unequally. In 
these applications, the CO-2 relay is used with operating 
times of 10 to 18 cycles. While the relay cost is low, the 
engineering cost is usually high, since considerable study or 
experience is required to assure correct operation. 


VILB. Partial-Differential Relaying 


In this scheme, only the source circuits are differentially 
connected, using an overcurrent relay with time delay. The 
relays protecting the feeders or circuits are not in the dif- 
ferential. Essentially, this arrangement combines time- 
delay bus protection with feeder backup protection. 


Where some or all of the feeder circuits have current-limiting 
reactors, a partial-differential circuit is used with distance- 
type relays. These distance-type relays are set into, but not 
through, the reactor impedance. The reactor impedance is 
used to select between faults on the bus and external faults 
on the feeders. The scheme is both fast and sensitive. 


VIIL.C. Directional-Comparison Relaying 


Directional-comparison relaying uses individual directional 
relays on all sources and overcurrent relays on all feeders. 
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The directional relays close contacts when fault power flows 
into the bus section. Back contacts on the overcurrent re- 
lays open contacts when the fault is external on the feeder. 
All contacts are connected in series, and, when the fault is 
on the bus, the trip circuit is energized through a timer. A 
time delay of several cycles will permit all the relays to de- 
cide correctly the direction of the fault. 


The disadvantage of this scheme is the large number of con- 
tacts and complex connections required. There is also the 
remote possibility of the directional elements not operating 
on a solid three-phase bus fault as a result of zero voltage. 


VILD. Fault Bus (Ground Fault Protection Only) 


This method requires that all the bus-supporting structure 
and associated equipment be interconnected and have only 
one connection to ground. An overcurrent relay is con- 
nected in this ground path. Any ground fault will cause 
fault current to flow through the relay circuit, tripping the 
bus through the multi-contact auxiliary tripping relay. A 
fault detector, energized from the neutral of the grounded 
transformer or generator, prevents accidental tripping. This 
scheme requires special construction measures and is expen- 
sive. 
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I. INTRODUCTION 


Ground fault protection is dependent on the power system 
grounding, which can vary from solidly grounded (no inten- 
tional impedance from the system neutrals to ground) to 
ungrounded (essentially infinite impedance from neutrals 
to ground). Ground relaying for effectively grounded sys- 
tems is discussed in Chapter 10. In these systems, the 
X/Xy ratio is 3.0 or less, and the Ro/X1 ratio is 1.0 or less 
at all points and under all operating conditions. In other 
words, the line-to-ground fault current (31,) is equal to or 
greater than 0.6 times the three-phase fault current. 


Solid grounding is necessary to meet these standard criteria, 
particularly with overhead lines where the X of X1 ratio aver- 
ages between 2.5-3.5. In solidly grounded systems, the neu- 
trals of the wye-delta power transformers are directly con- 
nected to earth through the station ground mat. Consider- 
able design effort is expended to keep the resistance in this 
connection to a minimum: typical values of ground mat re- 
sistance to “‘earth’’* are on the order of 0.1 ohm or less in 
areas of low ground resistivity. Typical values are higher in 
high ground resistivity areas, resulting in a large station 
ground mat rise (voltage gradient) between the station area 
and remote grounds during ground faults. 


This chapter will cover protective relaying schemes for non- 
effectively grounded systems. These systems fall into one 
of three categories: 

a. ungrounded 

b. reactance grounded 

c. resistance grounded. 

In addition, this chapter will discuss the special problems of 
sensitive ground relaying on distribution circuits and ground 


fault protection for both unigrounded and multigrounded 
three-phase, four-wire systems. 


*“Parth,” “remote ground,” and “true earth” are difficult terms to 
define precisely, since the earth is a very heterogenous mass. The 
terms represent a mathematical fiction needed to identify the zero 
potential earth plane. In practice, thgy are considered to exist 
within the earth at any point remote from the influence of the 
power system or where current can reasonably flow in the earth 
structure. 
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II. UNGROUNDED SYSTEMS 
11.A. Ground Faults on Ungrounded Systems 


The term “ungrounded” is strictly one of definition, indi- 
cating no physical connection of any kind between the sys- 
tem neutral and ground. Since, however, there is distrib- 
uted capacitance betwten the three phases of the system 
and ground, the system is effectively grounded through the 
capacitance. On such systems, charging current flows be- 
tween each conductor and ground under normal conditions. 
In the event of a single line-ground fault, the corresponding 
line to ground capacitance is shunted out. 


Neutral Bus N, 


Xic 


Negative Sequence Network 


Neutral Bus No 


ZT X20 
Xa 


Zero Sequence Network 
Zero Potential Bus No 


ag Xoc 


Xo. 


Figure 11-1: Sequence Networks for Phase “a”-to-Ground Fault 
on an Ungrounded System. 


Using symmetrical components, Figure 11-1 shows the net- 
works and fault representation. Here, X1¢ equals X0- 
Xi Xo05 and Xe are the total distributed capacitance of 
the system to the fault. While they are shown here lumped 
together, equivalent ‘“‘T”’ or “‘Pi’’ representations could be 
shown on more extensive systems. XI and X46 can be 
neglected, since they are very large compared to Xig@ X5q> 
Xy, Xy L and Xap For practical purposes, Xe predomi- 
nates so that approximately, 


3VGEN 
Xo 


I =31.= (11-1) 
a ie] 
Cc 


Xi 1,(90° Leading Veg) 
N 


Vea=Veg Vba=Vbg 


Figure 11-2: Phasor Diagram’ of Currents and Voltages During 
Single Line-Ground Fault on an Ungrounded System. 


Since the ground fault current returns through the shunt 
capacitance, the unfaulted phase currents are not zero (Fig- 
ure 11-2). The phase b and c voltages are shown as the pre- 
fault line-to-line voltages or V3 Vic: This relation holds 
true only for the steady-state condition with zero fault re- 
sistance; transient voltages can be considerably higher as 
shown in Figure 11-3. 


Breaker Contacts 


Equivatent Circuit 


Line Voltage 


Voltage Breaker Contacts 


Figure 11-3: Over-Voltages Due to Arc Ignitions and Re-Strikes. 


When the circuit breaker opens and extinguishes the arc at 
or near current zero, the voltage is near its maximum peak 
value. This voltage, shown in Figure 11-3 as 1.0 per unit 
(/2 times the rms value), remains on the line (or right-hand) 
side of the breaker when the generator voltage goes to max- 
imum negative one half cycle later. At that time, the volt- 
age across the breaker contacts is essentially 2.0 per unit, 
crest value. A voltage of this value can cause the arc to re- 
strike across the breaker contacts, sending the line voltage 
from +1 per unit to a -1 per unit. 


The result is a high frequency transient voltage, whose first 
peak overshoots the —1.0 value by -2.0 (the difference be- 
tween -1 and +1), giving a peak voltage value of -3.0. If 
the arc is again extinguished, the trapped charge on the line 
produces a voltage of -3.0 per unit. If a second restrike oc- 
curs at the next voltage positive maximum, the peak voltage 
will overshoot to +5 per unit as it goes from -3 per unit to 
+1 per unit. Theoretically, further cycles of extinguishing 
and restriking the arc would build higher and higher voltage 
values. In practice, however, flashovers usually occur before 
these high values are reached. 


The peak voltage values shown in Figure 11-3 are maximum 
theoretical values based on arc extinction at zero current, 
no damping, and arc restrike at the crest value of the source 
voltage. In fact, circuit resistance will introduce damping of 
the transient, reducing the peak value of the first half cycle 
overshoot. Further, restrikes may occur before the voltage 
reaches crest value voltage, which will reduce the value of 
peak overvoltages. Nevertheless, overvoltages can be very 
high and represent the major disadvantage of ungrounded 
systems. 


If.B. Ground Fault Detection on Ungrounded Systems 


Since the fault current for single line-ground faults on an 
ungrounded system is very small, overcurrent relays cannot 
be used for fault detection. Voltage relays will detect the 
presence of the voltage unbalance produced by the fault, 
but will not selectively determine its location in the system. 
The unbalance phase and zero sequence voltages which oc- 
cur during ground faults are essentially the same throughout 
the system. Since selective isolation of the fault is not pos- 
sible, relay schemes are only useful for providing an alarm. 


Figure 11-4a shows the preferred ground fault detection 
system. The voltage transformers must have a primary volt- 
age rating equal to the line-line voltage, since this is the volt- 
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Figure 11-4: Ground Fault Detection on Ungrounded Systems. 


age that will be impressed on the two unfaulted phases dur- 
ing a line-ground fault. Under normal conditions, the 
voltage across the relay approaches zero. When a single 
line-ground fault occurs, the voltage is 3V5; or approxi- 
mately 200 volts with 69 volt secondary windings. The 
Type CV-8 relay shown, which has a 16-volt pickup and a 
199-volt continuous rating, will detect fairly high resistance 
faults. 


If the relay burden is too small for the system voltage class, 
the transformers in this scheme may be subjected to ferro- 
resonance. It is preferable to shunt the relay with a resistor. 
Typical resistor values in use are: 


Voltage Transformer Resistor 
Ratio in ohms 
2400 to 120 250 
4200 to 120 125 
7200 to 120 2 90 
14400 to 120 60 


114 


While the primary fault current may be low, high secondary 
currents can flow. This should be checked with the short 
time or continuous rating of the voltage transformer and 
resistor. 


Applying a grounded-broken-delta transformer without the 
shunt resistor is equivalent to very high impedance ground- 
ing. Any shunt resistor, even as low as 5 percent, is better 
than none. It will damp any high transient voltage oscilla- 
tions and hold the peak values to less than about twice nor- 
mal crest voltage to ground. 


The alternate ground fault detection scheme (Figure 11-4b) 
is not recommended and should only be applied with cau- 
tion. The CVD (27-59) relay in this system has SPDT con- 
tacts for operation on either over- or undervoltage. Line- 
to-ground faults on phases a and b produce an overvoltage 
on the relay; faults on phase c produce an undervoltage. For 
the scheme to work, the capacitance to ground of the lines 
must be fairly closely balanced and high enough to keep the 
neutral of the system at close to ground potential. 


This scheme can also produce ferroresonance or neutral in- 
xX 
version. When x is 3.0, Vpr theoretically would be infi- 


nite. Even without faults on the system, the high magnetiz- 
ing impedance of the voltage transformer can approach res- 
onance with the line capacitance to neutral, causing a high 
overvoltage across the secondary. Neutral inversion can oc- 
cur during a line-ground fault on a phase other than phase c. 
Such a fault produces unbalanced impedances to ground; 
the resultant current flows can drive the system neutral 
point outside the delta. A loading resistor across the relay 
or, less desirably, in series with the transformer primary 
may prevent these problems. 


WI. REACTANCE GROUNDING 

There are three different types of reactance grounding: 
a. high-reactance grounding 

b. resonant grounding 


c. low-reactance grounding, 


I.A. High-Reactance Grounding 


Up to the early 1940’s, some utilities operated their unit 
system generators with the neutral ungrounded. Their pur- 
pose was to keep the internal line-to-ground fault current in 
the generator very low and prevent the iron from being 
damaged by arcing. Unfortunately, when these generators 
were connected to long, high-voltage transmission lines, the 
result was a high insulation failure rate in the machine 
windings. 


These failures were caused by high voltage transients, simi- 
lar to those discussed earlier. This problem was com- 
pounded by an inability to detect single line-ground faults 
in the generator. Asa result, the faults persisted, causing 
undue damage. 


The initial solution was to connect the generator neutral to 
ground through the primary of a voltage transformer and 
put an overvoltage relay across the secondary. In theory, a 
single line-ground fault would simply cause the generator 
neutral voltage to shift with respect to ground, activating 
the relay and tripping the machine or sounding an alarm. In 
practice, however, this system actually increased the ma- 
chine failure rate. The cause was arcing grounds—-a phe- 
nomenon similar to the restrikes that can occur when 
switching a high capacitive reactance. 


The arcing ground phenomenon can be explained using Fig- 
ure 11-5, The equivalent single-line diagram shown in Fig- 
ure 11-Sa is for a generator grounded through a high reac- 
tance, Xp with a line-to-ground fault near one terminal. 

X, is the distributed capacitive reactance of the windings to 
ground, connected half way between the generator reac- 
tance (X,). If the arc is extinguished when the small fault 
current passes through zero, the voltage across the arc path 
must go from nearly zero to normal crest value. In doing 
so, it must oscillate around the steady-state normal value. 


As shown in Figure 11-5b, the resultant voltage transient 
will reach a peak value of twice normal crest line-neutral 
voltage, one-half cycle of the high-frequency transient after 
the arc is extinguished. If the arc restrikes at this point, the 
fault voltage is driven back to zero. When the arc is initially 
extinguished, the reactor voltage has to go from positive 
maximum to zero. Asa result, it has a traisient oscillating 
period from positive maximum to negative maximum. 
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Figure 11-5: Over-Voltages on Reactance Grounded System Due 
to Arcing Fault. 


The first half-cycle of this oscillation is shown in Figure 
11-5c. If the arc restrikes at the instant when the fault volt- 
age is twice normal crest value, as was assumed in Figure 
11-5b, the reactor voltage has to go from negative minimum 
to positive minimum. The result is another transient oscilla- 
tion, with a peak value of three times normal maximum 
line-ground voltage. 


Note that, in high-reactance grounding, the reactor voltage 
is applied between the generator neutral and ground. Since 
the BIL of the reactor is higher than that of the generator 
windings, insulation failures are more likely to occur in the 
generator windings. 


The switching surges that result from clearing line-to-ground 
faults for ungrounded systems also occur in high reactance 
grounded systems. In the latter case, the resulting transient 
overvoltages will be even higher. The source voltage for an 
ungrounded system is the normal line-to-neutral voltage 
which, theoretically, produces successive line-side voltage 
peaks of 1.0, 3.0, 5.0... of normal crest voltage to neutral. 
For the high reactance grounded system shown in Figure 
11-5—with the reactor between the neutral and ground—the 


source voltage is the normal line-line voltage. The corre- 
sponding theoretical transient peaks are V3, 3/3, 5/3. : 
and so on. 


For these reasons, high reactance grounding was discon- 
tinued many years ago. 


IIL.B. Resonant Grounding (Ground Fault Neutralizer) 


Although not widely used in the USA, resonant grounding 
has been applied elsewhere. In this scheme, the total system 
capacitance to ground is compensated for or cancelled by 
an inductance in the grounded neutral of the power trans- 
formers. The grounding reactor, equipped with taps that 
permit it to be tuned to system capacitance, was first called 
a “Petersen Coil.” It is now more commonly designated a 
“round fault neutralizer.” 


Theoretically, if the reactor perfectly matches the system 
capacitance, a line-to-ground fault will produce zero cur- 
rent, the transient fault arc will be extinguished, and the arc 
path deionized. While perfect neutralization of the entire 
system is not possible, the reactor will minimize a large pro- 
portion of line-ground fault currents. Furthermore, as the 
arc goes through zero, a close-to-resonant circuit will be re- 
established, with a small voltage across the original arc path 
that reduces the possibility of restrikes. 
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Figure 11-6: Resonant Grounding and Protection Scheme for Non 
Self-Clearing Faults. 
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In this system, approximately 75 percent of line-ground 
faults are self-extinguishing. The remaining faults must be 
cleared by a line breaker, A partial schematic for one such 
protective system is shown in Figure 11-6. Ground faults 
of sufficient magnitude are picked up by a sensitive instan- 
taneous current relay (50), which is connected to a current 
transformer in the grounding lead of the neutralizing reac- 
tor. The relay’s contact energizes the operate coil of a latch 
or toggle-type auxiliary relay (50X-0). Normally closed 
contacts (50X) open the operate coil, and two normally 
open contacts (50X) set up the reset coil (SOX-R) and start 
timer 2. If, after a preset time, typically 10 to 15 seconds, 
the fault has not cleared, timer 2 contacts close the breaker 
52N, solidly grounding the neutral so that conventional 
ground relays can selectively clear the fault. Breaker 52N 
also energizes 5OX-R to reset the toggle relay and sound an 
alarm. If the fault clears before timer 2 contacts operate, 
the normally closed 50 and 52N-b contacts will energize 
50X-R to reset the toggle relay. 


In theory, resonant grounding should reduce line outages 
considerably. This system does, however, have a number of 
disadvantages: 


® Transformers connected to the system must have full 
line-line insulation even when wye-connected. 


®@ The entire system must be fully insulated for line-line 
voltage. 


@ The ground-fault neutralizer must be retuned to accom- 
modate any changes in system configuration--additions, 
extensions, line removals, or switching. 


® System effectiveness will be reduced considerably if a 
substantial number of the lines are of wood pole con- 
struction. The high insulation to ground will result in a 
larger portion of line-line faults (conductor swing caused 
by wind). 


@ A high incidence of faults will occur essentially simulta- 
neously in different parts of the system. 


IIL.C. Low-Reactance Grounding 


Low-reactance grounding used to be applied to systems fed 
at generator voltage, where the generator neutral was 
grounded through a reactor. The reactor was sized to keep 
the magnitude of a single line-to-ground fault on the ma- 


chine terminals equal to a three-phase fault. (A reactor 


~X 


2X -X 
value of 1 a: 2 was used.) In general, low-reactance 


grounding was applied to large industrial plant systems with 
radial distribution feeders, and ground fault protection con- 
sisted simply of overcurrent relays. Gradually, this type of 
generator grounding has been replaced by resistance 
grounding. 


Low-reactance grounding is still applied in the neutral of 
autotransformers. A large autotransformer becomes a 
strong zero sequence source and, at its location, the XQ/Xy 
ratio is often substantially less than unity. A reactor in the 
neutral connection to ground can make this ratio equal to 
unity, limiting the line-ground fault at the terminals to the 
three-phase value. While not used extensively, this scheme 
is applied by some utilities. 


Another type of low-reactance grounding provides ground 
fault relaying for systems supplied from a delta source. The 
reactance grounding scheme should: 


a. Supply sufficient ground fault current to operate relays 
for a fault where the line value (X as 2X4) is the highest. 


b. Limit the transient overvoltages attributable to ground 
faults to a value of 2.5 times normal line-to-neutral crest 
value, assuming two restrikes. 


In this scheme either a grounded wye-delta or a Zig-Zag 
transformer can be used, although the Zig-Zag (Figure 11-7) 
is more common because of its economy. The windings 


Bus Fed from Delta Source 


Figure 11-7: Reactance Grounding. 


shown in parallel are on the same core leg. With the polar- 
ities shown, the positive sequence impedance of the bank is 
very high and equal to the magnetizing impedance. When 
zero sequence passes through the bank as shown, the im- 
pedance is equal to the leakage reactance. 


The rating of the transformer is chosen so that the maxi- 
mum Xo/Xy value is equal to or less than four. When 
X/Xy equals four, the line-ground fault current is half the 
three-phase, short-circuit value, assuming xX, = xX). Thus, if 
a ground relay is used in the common neutral connection of 
the line current transformers, the ground fault sensitivity is 
half that of three-phase faults. 


IV. RESISTANCE GROUNDING 


Resistance grounding is applied in systems with distribution 
at generator voltage, and in unit-connected generators and 
transformers. 


The two general types of resistance grounding are low- 
resistance and high-resistance grounding. 


IV.A. Low-Resistance Grounding 


Whenever low impedance grounding is desired, resistance 
grounding is generally preferred to the low-reactance sys- 
tems described above. Specifically, low-resistance ground- 
ing is used for systems fed directly at generator voltage 
(Figure 11-8a) or fed through a delta-wye transformer (Fig- 
ure 11-8b). When a line-to-ground fault occurs in the sys- 
tem, the current flowing in the ground resistor results in a 
sudden change in generator load, causing severe generator 
angular swings and high peak shaft torques. Where the 
ground resistor loss should be kept low, the resistor is gen- 
erally sized to limit the single line-to-ground bus fault to 
around 400 amperes. Ground relaying using overcurrent re- 
lays may be applied but zero-sequence type current trans- 
formers will provide greater sensitivity. 


IV.B. High-Resistance Grounding 


High-resistance grounding is applied to the generator- 
transformer unit systems by connecting a resistor across the 
secondary of a distribution transformer in the grounded 
generator neutral (Figure 11-9). The resistor value is se- 
lected so that its KW loss for a solid line-to-ground fault at 
the machine terminal is equal to or greater than the charg- 
ing kVA of the low-voltage system. In this case, the charg- 
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(a) System Fed at Generator Voltage 


(b) System Fed Thru Delta-Wye Transformer 


Figure 11-8: Low Resistance Grounding of Systems Fed Thru 
Delta-Wye Transformer. 


ing kVA results from the combined capacitance to ground 
of the generator windings, cable connections to the trans- 
former, low-voltage transformer winding, and station service 
transformer. This resistor value will limit generator iron 
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(b} Zero Sequence Network 


(c}) Phasor Diagram 


Figure 11-9: High Resistance Grounding of The Unit Connected 
Generator-Transformer. 


burning from ground faults; damp out oscillations; and limit 
the peak transient overvoltage to around 2.5 normal line to 
neutral voltage, or less. The ratings of the resistor and trans- 


former are: 
I2R 
5 = 312 (11-2) 
Resistor KWp = Ta00 = kVA, = 31 o%co - 
Transformer kVA = V3 KWp (11-2) 


where kVA, is the total three-phase charging kVA. The 
magnitude of primary fault currents in these applications is 
around 8 to 10 amperes. 


Sensitive protection is provided by an overvoltage relay 
across the resistor. The CV-8 (59) has a pickup of 8 per- 
cent of its continuous rating with a third harmonic suppres- 
sion filter to prevent operation on normally circulating cur- 
rents. This application is detailed under generator protec- 
tion (Chapter 6). 


For distribution systems where transient overvoltages are 
limited to less than 2.5 times normal crest value to ground, 
the following ratios apply: 


x R 
—2 fe) (11-3) 
x, < 20 or Xx. > 2.0 
For a neutral resistor R, 
Ro=3R 


Assuming that Xo = 20X1, and Ro = 2Xo, then 


Zo = (40 = j20) X, 


For a line-to-ground fault: 


ae 3V 7 3.0 
g= rCererorre" FaT TT a 
X, +X, +2, (G1 +j1 + 40 -j20)X, 


re eee 
(40 -j22)X, 45.65X, 


[28.8 ° _ 


0.066 /28.8 ° per 


xy unit (11-4) 
| 
| The three-phase fault current would be 
= 1.0 per unit (11-5) 


134 x, 


Thus, using Equation (11-3), the line-to-ground fault cur- 
rent is: 

Ig = 0.066134 (11-6) 
The neutral resistor can be in the neutral of the transformer 
(Figure 11-8), or a resistor can be inserted in the neutral of 
the grounded Zig-Zag transformer (Figure 11-7). In either 
case, the reactance component of the resistor must be con- 
sidered. Cast-iron grid-type grounding resistors have a power 
factor of approximately 0.98; stainless steel types, of ap- 
proximately 0.92. The reactance, while small in itself, is 
tripled in the zero sequence circuit. 


V. SENSITIVE GROUND RELAYING 


Ground relaying on distribution circuits can be a difficult 
problem. The range of fault currents can vary from negli- 
gible for a conductor lying on or near the ground with min- 
imum electrical contact, to substantial for a conductor mak- 
ing good contact. Unfortunately, there is no practical way 
of distinguishing an intolerable situation from a tolerable 
one at a breaker or disconnection location. 


Some years ago, a utility conducted tests on a 10-foot 
length of no. 4 bare copper wire energized at 12kV and laid 
on a variety of surfaces such as dry grass, green vegetation, 
dry base soil, and asphalt. Of 128 tests, 7 percent showed 
currents of less than one ampere, 7 percent showed currents 
of over 1000 amperes, and 55 percent had currents in the 
range of 150 to 600 amperes. 


Ground fault protection is dictated by the amount of 
ground fault current available from the system to operate 
relays and the ratio of this current to normal system unbal- 
ance. Load management may help to reduce normal un- 
balance in some cases. The minimum ground fault current 
must balance service continuity with equipment protection. 
That is, it must be low enough to minimize equipment dam- 
age but high enough to be recognizable and to allow the 
faulted area to be selectively isolated without nuigance 
tripping. 


For selective and automatic isolation of ground faults, the 
magnitude of the ground fault current is determined by the 
protective relays. Three common ground relay schemes, in 
order of increasing sensitivity, are: 


1. Ground relay in the common neutral connection of the 
line current transformers and/or grounded source (Fig- 
ure 11-10). 

2. Ground relay in the common neutral connection of the 
line current transformers, with a product-type relay to 
avoid operation on false residual currents (Figure 11-11). 
The CWP scheme (Figure 1 1-11b) provides increased sen- 
sitivity which the CWC scheme may not. (See also Fig- 
ure 11-12.) 

3. Ground relay with a zero sequence (ring) type current 
transformer (Figure 11-13). 


V.A. Ground Overcurrent Relay With Conventional 
Current Transformers 


In the scheme shown in Figure 11-10, the relays are usu- 
ally set on the 0.5 ampere tap. Because of the large bur- 
dens of the ground relays on the minimum tap, the relay 
pick-up current multiplied by the current transformer 
ratio will not be the primary ampere pick-up when using 
lower quality current transformers (see Chapter 5). To 
hold the exciting current to a reasonable minimum, the 
minimum CO relay current tap setting should equal 
10VA : . 

Trt (11-7) approximately, where VA is the volt- 
ampere burden of the ground relay at tap setting, and 
Vr is the current transformer accuracy classification 
voltage. 
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Figure 11-10: Ground Protection With Conventional Current 
Transformers and Protective Relays. 
Unequal performance of current transformers during heavy 
phase faults or the initial asymmetrical motor starting cur- 
rents may produce false residual currents with the scheme 
shown in Figure 11-10a. Where these currents cause relay 
operation, an instantaneous relay with a higher pickup 
should be used, or the time overcurrent relay should have a 
larger time dial and/or pickup. Increasing the burden on 
the current transformers in these cases causes them to satu- 
rate more uniformly, reducing the false residual current. 


Higher burdens, however, may also decrease the relay sensi- 
tivity on light ground faults, depending on the quality of 
the current transformers. False residual currents do not oc- 
cur in the scheme shown in Figure 11-10b, or 11-13 and do 
not cause relay operations in Figure 11-11. 


With the application of a ground relay set on the 0.5 am- 
pere tap, the fault current in the relay should be not less 
than twice pick-up, or 1.0 amperes secondary. Taking K as 
the primary current transformer rating, and using Equation 
(11-6): 


.066 I34 , 


KS 1.0 (11-8) 
That is, 136 = 3.04K. Thus, the minimum three-phase fault 
current should be at least three times the primary current 
rating of the highest current transformer of all the feeders 
on the bus. Alternatively, the highest current transformer 
primary current rating should be less than one-third the 
minimum three-phase fault current. Since K usually is 
slightly greater than maximum load current, a minimum 
three-phase fault of less than three times maximum load 
will seldom occur except on very long, extended feeders. 


For increased sensitivity, the ground relays should operate 
on 10 percent of the maximum ground fault current, with 
minimum source (maximum source impedance). Thus, the 
minimum ground current for a solid ground fault should be 
at least ten times the relay sensitivity. This assumes that 
the normal load unbalance is less than the relay pick-up 
which is often the limiting criteria. From Equations 11-3 
and 11-4, it can be seen that the system reactance has only 
a minor effect on the ground fault current; that is, the max- 
imum and minimum currents for solid ground faults are es- 
sentially the same. 


With the 0.5 ampere tap, the maximum ground fault should 
be 5.0 amperes secondary or more. Using Equation 11-6: 


& 


066 1 
T3925 or L,, = 15.2K 


"aE 36 (11-9) 


Here, the minimum three-phase fault current should be at 
least 15 times the primary current rating of the current 
transformer or should approximate the maximum load. 
These values will require more sensitive relaying for most . 
noneffectively grounded systems. 
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Alternate When System 
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Circuit 
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<— Tripping Direction 


(b) Application of The Voltage Type CWP-1 Relay 


Figure 11-11: Sensitivity Ground Protection Utilizing Product 
Type Relays. 


V.B. Ground Product Relay With Conventional 
Current Transformers 


Increased sensitivity may be provided by the schemes shown 
in Figure 11-11. These schemes will not operate on false 
residual currents; the relays require current in both wind- 
ings to operate. No system ground or zero sequence current 
or voltage will exist for phase faults or motor starting 
currents. 


The CWC (32N) relay pickup is the same as in the scheme 
shown in Figure 11-10—0.5 ampere — but with 0.5 ampere 
in both windings, or a product of 0.25. On this tap, the up- 
per coil impedance is 0.42 ohms, while the lower pole coil 
impedance is 3.52 ohms. For maximum sensitivity, there- 
fore, the upper coil should be connected to the three par- 
allel current transformers or to the lower accuracy class cur- 
rent transformers. 


The greatest ground fault sensitivity is provided by the 
CWP-1 (32N) relay. The relay pickup is adjustable and 
equal to 5, 7, 10, 14, 20, 28, or 40 milliamperes with 100 
volts across the potential coil at maximum torque. Maxi- 
mum torque occurs when bi leads Ne by 45 degrees 
(Figure 11-12). For the scheme shown in Figure 11-1 1b, 
the minimum pickup is: 

VI =9V,1,, Cos (45°_ me) (11-10) 
where 6, is the angle which I, leads “Vs The phasors for 
a high-resistance grounded system where the CWP-1 relay is 
applicable are shown in Figure 11-12. Equation 11-4 gives 
an angle of 28.8° for the resistance grounded system. An- 


gles approaching the maximum torque angle of the relay 
can be obtained by increasing Ry and the fault resistance. 


Area of Ground Fault Current 
-3Vo 

ry 

3Ig be 

Vo 


Maximum Torque Line 
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Ve Vb 
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CWP-1 (32N) Relay Characteritics 


Figure 11-12: Phasors for Figure 11-11(b) for a Phase “a’-to- 
Ground Fault on a High Resistance Grounded System. 


V.C. Ground Overcurrent Relay With Zero Sequence 
Current Transformers 


The scheme shown in Figure 11-13 provides maximum sen- 
sitivity. There are no false residual currents. The zero se- 
quence type current transformer has the conductor cables 
passed through the center hole. Secondary current is the 
system zero sequence current, or 31,; 


Figure 11-13: Ground Protection Utilizing The Zero Sequence 
(Ring) Type Current Transformers. 


ey ae 


The standard ratio for the zero sequence type transformer 
(Type BYZ) is 50/5; 100/5 ratios were originally used. Var- 
ious nondirectional relays can be applied, as outlined in 
Table 11-1. 


Table 11-I 


Relay Settings and Sensitivities Using the 
50/5 BYZ Zero Sequence Current Transformers 


[ | Maximum Primary 3Iy 
Minimum Sensitivity in Amperes for Accurate 
Primary 31, Amperes Timing and Coordination 


Relay 


Relay Type | Setting 
L 


rF (4-3/4 ID)j+ (7-3/4 ID) 


+ (4-3/4 ID) | # (7-3/4 ID) 
ITH 0.25 5.0 5.0 
CO-8 or 9 0.5 9.0 10.0 25 112 
CO-8 or 9 2.5 24.0 24.0 540 1215 


CcO-11 0.5 


CO-11 


+ 4.3/4 ID and 7-3/4 ID are theinside diameter of the window in inches. 


When the maximum fault current exceeds the maximum 
values shown, the output wave form is nonsinusoidal. Relay 
timing will tend to become variable and longer than indi- 
cated in the published literature. 


The above schemes are for feeder circuits. For ground pro- 
tection of equipment, a ground differential scheme can be 
used with a differential type relay or a product type (CWC) 
relay as shown in Figure 11-14. This is also applicable to 
short run feeders with three conventional CT’s or a zero se- 
quence type CT at each end of the protected zone. The 
CWC relay is recommended as it provided high sensitivity 
and is relatively independent of the current transformer 
performance. 


VI. GROUND FAULT PROTECTION FOR 
THREE-PHASE, FOUR-WIRE SYSTEMS 


VI.A. Unigrounded Four-Wire Systems 


Unigrounded, four-wire systems have insulated neutrals; the 
only ground connection is at the substation. Loads gener- 
ally are connected phase-to-neutral, and the net load unbal- 
ance returns through the neutral as a residual current. For 
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This Would Not be Grounded anda Set of 3CT's Used. 


Figure 11-14: Ground Differential Scheme Using a Type CWC 
Relay. (Protected Equipment can be a Generator, 
Transformer, Reactor, Feeder, Line, etc.) 


faults from phase-to-ground, the current returns through 
the earth to the substation neutral. 


There are three different relay schemes for ground fault 
protection, as shown in Figure 11-15. Figure 11-15a shows 
the conventional scheme used on three-phase, three-wire 
systems. For a four-wire system, the load unbalance cur- 
rent would flow through the ground relay, requiring a set- 
ting above the unbalance value to avoid operation on the 
maximum load unbalance. This scheme is generally not rec- 
ommended. The four current transformer scheme shown in 
Figure 11-15b provides much higher sensitivity, since it does 
not measure the load unbalance residual current. Even 
greater sensitivity is provided by the zero sequence type cur- 
rent transformer shown in Figure 11-15c. Comparative sen- 
sitivities for various relays in this scheme are listed in 

Table 11-1. - 

If a line-to-neutral fault occurs on the system, only the con- 
ventional scheme (Figure 11-15a) will respond. The connec- 
tion of the current transformers in the other two schemes 
results in cancellation of the fault current, unless it involves 
ground. The phase relays will provide protection, however, 
since—if the neutral conductor is the same as the phase con- 
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Figure 11-15: Methods of Ground Protection on Uni-Grounded 
Systems. 


ductors—phase-to-neutral fault current in one phase will be 
of the same order of magnitude as a three-phase fault. 


A fault between neutral and ground is possible while the 
neutral return is nearly at ground potential, probably as the 
result of a broken neutral conductor. The schemes of Fig- 
ure 11-15b and 11-15c will measure the portion of unbal- 
ance current returning through the earth. Because the 
ground return may be a high impedance path, causing a low 
voltage at the load points, the more sensitive window-type 
current transformer scheme is recommended. 


VI.B. Multigrounded Four-Wire Systems 
Many three-phase, four-wire distribution systems are sol- 
idly grounded at the substation, with the neutral wire also 


grounded at each distribution transformer location. Such 
systems are difficult to protect against ground faults. 
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I. INTRODUCTION 


As described in Chapter 10, setting and coordinating pro- 
tective devices in a power system is a tedious and time- 
consuming job, particularly for loop networks and complex 
systems. Ensuring acceptable operating times and selectiv- 
ity for the various generating levels and for the anticipated 
changes in system configuration is usually a trial-and-error 
process. A well-designed computer program, however, can 
relieve the relay engineer of much routine, tedious, and 
time-consuming work. In addition, the computer facilitates 
system-wide studies, encourages consistent relaying prac- 
tices throughout the system, and provides complete, up- 
dated results of changes in system protection. 


Pioneered in 1960, the Protective Device Coordination Pro- 
gram (PDCP) described in this chapter represents the most 
comprehensive and complete program for applying, setting, 
and checking the coordination of many types of protective 
relays, fuses, and reclosers. The program makes it possible 
to analyze a wider variety of fault and operating conditions 
than are normally considered when settings are derived 
manually. 


The procedure for a complete protection study is outlined 
in Figure 12-1. As indicated by the shaded blocks, the 
major components of this procedure are the Data Check 
Study, the Coordination Study, and the Final Coordination 
Study. 


In the Data Check Study, the user must specify, as input 
data, both device type and settings for each relay, fuse, or 
recloser. The program then evaluates the effectiveness of 
these devices and settings within the existing system and, if 
necessary, recommends alternative protective devices. 


} 


In the Coordination Study, the user specifies the protective 
device with no settings, or allows the program to choose a 
device. The program then establishes settings within the 
ranges specified or it chooses a device and settings. The set- 
tings and/or devices are selected to optimize coordination. 


The Final Coordination Study shows how the system will 
behave with the revised settings which can then be issued 
by the relay engineer. 


No computer program can replace the relay engineer. 
Rather, the program is designed to spotlight problem areas 
requiring further study. The engineer uses his talents and 
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the program’s speed to maintain excellence in system pro- 
tection. 


II. PROTECTIVE DEVICE COORDINATION PROGRAM 
STRUCTURE 


The PDCP program is roughly structured into three parts. 
In Part 1, the table of application currents/impedances, is 
established. The table is then used for initial device appli- 
cation and primary line protection settings. Device coordi- 
nation is Part 2. Part 3, device operation check, evaluates 
device operation. 


I-A. Application Data Currents/Impedances 


The application currents/impedances are derived from the 
results of a separate short circuit study. The program tab- 
ulates nine critical fault conditions which are essential for 
device application and fast time settings. Figure 12-2 is a 
typical printout for one device location, with a one-line 
diagram added for clarity. For each listed fault condition, 
the current, the line-to-line voltage, and the phasor imped- 
ance sensed by the device are recorded. The phasor imped- 
ance is: 


; _ 1000 kV 


Z 31 ohms primary (12-1) 


The load and eight fault conditions shown are defined in 
Table 12-1. 
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Figure 12-1: Block Diagram of The Procedure for a Complete 
Coordination Study. 


Station L 


_ Protection Device Number 
Generator and Location 


Location 3 is Located on Line 18 at Bus Number 7 Station D—Bus Voltage 34.50 kV. 
The Following are Quantities Sensed by This Device Location for The Listed Fault Conditions: 


Fault 


Number | Current (1) (kV) 


Voltage 


Primary 
Impedance (2) 


Impedance 
Angle 


. Maximum Close In Fault 83 
. Maximum Far Bus Fault 39 
. Minimum Far Bus Fault 60 
Maximum Fault 83 
Minimum Fault 17 
Minimum Back-up End Fault | 64 
. Maximum Near Bus Fault 68 
. Minimum End Fault 47 
. Load Current Out of The Bus 


10292.1 Amps 0.0 
1958.7 Amps | 25.7 
1256.7 Amps | 26.9 

10292.1 Amps 0.0 

103.7 Amps }j 19.0 
286.2 Amps | 33.4 

— 1817.1 Amps 0.0 

1421.6 Amps | 29.1 
100.0 Amps 


WOVAHPWN- 


7.57 Ohms 
12.35 Ohms 


75.24 Degrees 
65.76 Degrees 


105.88 Ohms 
67.35 Ohms 


85.16 Degrees 
77.00 Degrees 


11.81 Ohms | 66.22 Degrees 


Figure 12-2: Typical Fault Data Print-out for One Location in a Protective Device Coordination Study of a Power System. 


ed 


Table 12-I 


Application Data Currents 


Positive current flows out of the bus through the protec- 
tive device, and negative current flows into the bus 

through the protective device. The following numbers, 1 
through 9, correspond to the typical data in Figure 12-2. 


1. Maximum Close-in Fault—the maximum current 
through device location for a fault on the line termi- 
nals of the device. 


. Maximum Far Bus Fault—the maximum fault current 
through the device location for faults on the far bus. 


. Minimum Far Bus Fault—the minimum current 
through the device location for faults on the far bus. 
For multi-terminal lines, where several buses repre- 
sent the far bus for a relay location, the far bus maxi- 
mum fault and far bus minimum fault may not be 
from the same bus. 


. Maximum Fault—the maximum symmetrical fault 
current that flows through the device location for any 
fault condition considered in the short-circuit pro- 
gram. 


. Minimum Fault—in the phase program, half the mini- 
mum fault current for any fault up to two buses 
away (in the positive direction) from the device loca- 


tion, or the positive load current, whichever is greater. 


In the ground-overcurrent program, a quarter of the 
minimum fault current for any fault up to two buses 
away (in the positive direction) from the device loca- 
tion, or the positive residual current, whichever is 
greater. The half and quarter factors approximate the 
effect of fault resistance. 


. Minimum Backup Line-End Fault—the minimum 
fault current through the device for a remote line- 
end fault (a fault with the breaker open between the 
fault and the bus). 


. Near Bus Fault—the maximum current flowing 
through the device location for a fault on the near 
bus. 


. Minimum Line-End Fault—the minimum current 
through the device location for a fault at the far end 
of the line, with the far breaker open. 


. Load out of the Bus—the maximum current through 
the device location, as given by input information. 


II.B. Device Coordination 


The application data outlined above allows the program to 
select device settings that ensure fast operating times for 
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faults within the primary protection area. These settings 
may not provide selectivity in clearing faults outside the de- 
vice’s primary protection area. Adjustments must be made 
to provide the required backup protection. (This adjust- 
ment process is discussed in Chapter 10.) 


The program uses branch topology to establish a list of the 
overreaching and associated overreached device pairs. In 
Figure 12-3, for example, there are three device pairs for 
device 5 at station D. The overreaching device is number 5; 
the overreached devices are 7, 20, and 16. 


OS @ © 


Station J 


@ 


Unit Generator 


© © © 


Station G 


Figure 12-3: A Part of a Power System Illustrating The Device 
Coordination Pairs eg. 5-7, 5-20 and 5-16. 


To coordinate each device pair, six data pairs are developed 
from the voltages and currents of the short circuit results. 
A data pair is either the current through or the impedance 
seen by both the back-up device (overreaching device) and 
the primary device (overreached device) for a specific fault 
condition. For example, in Figure 3 there are six data pairs 
for device pair 5-7, six for 5-20, and six for 5-16. Tables 
12-IJ and 12-III define these six data pairs for phase and 
ground protection, respectively. Two examples of the data 
pairs are shown in Figures 12-4a and 12-4b. 


The six data pairs are used to cgordinate the pair of devices. 
For each of the six data pairs, the device’s operation time 

is determined. The operating time is a function of the cur- 
rent through (e.g. overcurrent relay) or the impedance seen 
by the device (e.g. distance relay). When allowed, adjust- 
ments of settings are made as discussed in Chapter 10. Fig- 
ure 12-5 is a typical printout showing the coordination of 
two overcurrent relays and two distance relays of Figure 
12-4. 


II-C. Device Operation Check 


The Device Operation Check prints the operating time of 
every device within a two-bus radius of every fault in the 
short circuit program. The fault numbers referenced by the 
application currents and coordination sections are specified 


in this section of the program. Figure 12-6 shows a sample 
printout of the device operation check. This is for a fault 
on bus 2, Station L, with the transformer breaker (9) out 
of service (Fault No. 26). For the relays at Station L, the 


Table 12-II 


The Six Data Pairs for the Phase Protective 
Device Coordination Program* 


CP #1—The largest current through the overreaching de- 
vice for a fault one bus removed from the over- 
reached device, including line-end faults. For im- 

pedance relays, the coordination pair consists of 

the impedances for this condition, as measured 

at the overreaching and overreached locations. 


CP #2—Half the minimum fault current through the 
overreached device for any fault where the 
overreaching-overreached relationship exists. 
The impedance pair for this fault condition is 
the voltage at the overreached and overreaching 
locations divided by half the minimum current. 


CP #3—The largest fault current through the overreach- 
ing device for a close-in fault on the overreached 
device. Where two currents of the same magni- 
tude fit this criterion, the one with the larger 
ratio of overreaching-to-overreached current is 
used. The impedance pair is the impedance 
measured for this condition. 


CP #4—An overreached current | Amp less than its instan- 
taneous trip setting. The overreaching current is 
the overreached current times the overreaching 
overreached ratio of CP #6. For an impedance 
relay, the overreached relay current is computed 
as the maximum voltage for a far bus fault, di- 
vided by the Zone | impedance setting. 


CP #5—The average of CP #2 and CP #4. If CP #4 is 
zero, CP #5 is the average of CP #2 and CP #3. 
If CP #3 is zero, it is the average of CP #2 and 
CP #1. The impedance pair for the overreached 
relay is the maximum voltage for a bus fault, di- 
vided by the Zone 2 impedance setting. For the 
overreaching relay, this impedance pair is the 
overreached relay current times the ratio of 
overreaching-to-overreached current of CP #6. 


CP #6—Maximum current through the overreaching de- 
vice for the maximum ratio of overreaching-to- 
overreached current. The impedance pair is the 

impedance measured for this condition. 


*If a particular current pair does not exist within the above defini- 
tions, it is shown as a zero current on the current pair printout. 
For example, CP #4 will be zero for a device overreaching an- 
other device that lacks an instantaneous unit. 


fault must be moved to the line side of the local breakers 
to check the operation of relays 6, 7, 16, and 20. The re- 
lays on breaker 20 are the transformer differential which 
operates instantaneously. 


The fault is then moved back to the bus to check the opera- 
tion of all the remote devices that respond to the fault. Lo- 
cations 3, 13, and 14 are not listed in the printout since they 
do not trip under these fault conditions. 


III. SYSTEM RESPONSE MAP 


The development of the System Response Map is an inte- 
gral part of a complete PDCP study. The map shows the 
Table 12-II 


The Six Data Pairs for the 
Ground Protective Device Coordination Program* 


CP #1—The largest current through the overreaching de- 
vice for a fault one bus removed from the over- 
reached device, including line-end faults. 


CP #2—A quarter of the minimum fault current through 
the overreached device for any fault where the 
overreaching-overreached relationship exists. 
Product pair #2 is one sixteenth the minimum 
fault product through the overreached device for 
any fault when an overreaching-overreached re- 
lationship exists. The product value is expressed 
in secondary relay amperes or voltamperes. 


CP #3—The largest fault current through the overreach- 
ing device for a close-in fault on an overreached 
device. Where two currents of the same magni- 
tude fit this criterion, the one with the largest 

overreaching-to-overreached current ratio is used. 


CP #4—An overreached current 1 Amp less than its instan- 
taneous trip setting. The overreaching current is 
the overreached currett times the overreaching- 
to-overreached current ratio of CP #6. Product 
pair #4 is an overreached current 1 Amp less than 
the instantaneous trip setting times the maxi- 
mum zero sequence voltage for a far bus fault. 
The overreaching product is this product times 
the overreached-overreaching product ratio of 

product pair #1. 


CP #5—The average of CP #2 and CP #4. If the average 
of CP #2 and CP #4 is zero, the average of CP #2 
and CP #3 is used. If CP #3 is zero, the average 

of CP #2 and CP #1 is used. 


CP #6—Maximum current through the overreaching de- 
vice for the maximum ratio of overreaching- 
overreached current. 
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Location 3 
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Current 


a) Overcurrent Relay Coordination with an Overcurrent Relay. 
Figure 12-4: Location of Data Pairs for Two General Cases. 
Table 12-IV 
Development of System Response Map 
. List all the desensitized devices. 
. Select a device from the list 


. Check all device coordination pairs for which this de- 
vice is the overreaching (backup) device. Determine 
the device pair (or pairs) for which the difference in 
operating time is smallest. This minimum difference 
will be close to the coordinating time interval (CTI). 
The pair of devices identified form a link in the co- 
ordination chain. 


. Use the overreached device in the previously formed 
link as an overreaching device. Repeat to Step 3 as 
necessary until the coordination links form a loop or 
terminate on a radial line, completing a coordination 
chain. 


. Select a device not included in any previous chain. 
Repeat Steps 3 and 4 as necessary until the list of de- 
sensitized devices is exhausted. The system response 
map is now complete. 


critical coordination path in the system, helps to identify 
serious coordination problems, and indicates to the relay 
engineer the effects of these problems on overall system 
performance. The map is developed from the results of the 
Coordination Study using the procedure outlined in Table 
12-IV. These results are applied in two steps, the desensi- 
tized device list and the coordination mapping. 


12-5 


Station W Station S 
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CPY,CP2,CP6. 


Overreaching 
Device 


(7) Overreached Device 


CPi 


CPe CP6 CP4 
| 


Location 9 


Time 


Location 11 


Impedance 


b) Distance Relay Coordination With a Distance Relay. 


HII-A. Desensitized Devices 


The first step in developing the System Response Map is to 
list all desensitized protective devices; that is, all devices 
that operate much more slowly than is normal or desirable 
because of coordination requirements. The following guide- 
lines help identify such devices: 


a) Overcurrent relays—high time dial settings or tap settings 
much higher than required to prevent tripping by load 
current. 


b) Distance relays—high timer settings. 


c) Fuses and reclosers—ratings higher than those required 


by load current. 


III-B. Coordination Mapping. 


Coordination mapping traces the coordination paths in the 
system using critical coordination pairs. A critical coordi- 
nation pair is the back-up and primary device pair with the 
smallest difference between each device’s operating char- 
acteristics. 


Figure 12-7a illustrates this concept. Location I is a desen- 
sitized device, i.e. it has high time dial and high tap settings. 
There are two device pairs associated with device I, I-J and 
I-K. From the Coordination Study results, device pair I-K 


is a critical coordination pair. This pair represents a link in 
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Overreaching Location 15 Station W 
Relay IRV-7 


Amps 1239. (FN 43) MT 172, 
Amps 442 (FN 59) MT 61. 
Amps 4356 (FN 80) MT 6.05, 
Amps 2065 (FN —) MT 2.87, 
Amps 1254. (FN —) MT 1.74, 
Amps 1239. (FN 43) MT 1.72, 


Overreaching Location 9 Station W 
Relay KD-10 

Amps 756. (FN 168) 1.37, 
Amps 378. (FN 168) 2.73, 
Amps 953. (FN 167) 78, 
Amps 833 {FN O) 1.27, 
Amps 605 {FN O) 99.99, 
Amps 756. (FN 168) 1.37, 


. Amps - Amperes 
FN - The fault number appearing in the device operation 
check section. 
. MT - The multiple of tap for the relays, for fuses and 
reclosers: this is meaningless and is set to zero. 
- The fault bus number that produced this current 
pair. 
- The operating time of the device. Note than an 


Figure 12-5: Typical Device Coordination Printout. 


Station W Station D 


® 
© © 


Faulton Bus 2 Station Fault Number 26 
Not a Line End Fault 

Line Number 9 is Out 

Move Fault to Line Side of Protective Device No. 6 

Loc. 6 Dir. OC Relay Current 4760.Amp. (2.8442 PU.) 
Move Fault to Line Side of Protective Device No. 7 

Loc. 7 Dir. OC Relay Current 7698.Amp. (4.6002 P.U.) 
Move Fault to Line Side of Protective Device No. 16 

Loc. 16 Dir. OC Relay Current 6580.Amp. (3.9375P.U.) 
(Fault is Moved Back to Bus 2): 

Loc. 5 Dir. OC Relay Current 2946. Amp (1.7603 P.U.) 
Loc. 15 Dir. OC Relay Current 1547. Amp ( 9244 P.U.) 
Loc. 15 Dir. OC Relay Current 1547. Amp ( 9244P.U.) 


Loc. 17 OC Relay Current —245.Amp. (-—.1461P.U.) 
Loc. 18 OC Relay Current 338.Amp. ( .2018P.U.) 
Loc. 2 OC Relay Current 1112.Amp. ( .6647P.U.) 


Overreached Location 3 Station D (Figure 12-4a) 
Relay IRV-7 


Amps 1527 (FBN 4) MT 8.48, 
Amps 633. (FBN 5) MT 3.51, 
Amps 7933. (FBN 7) MT 44.07, 
Amps 2545. (FBN 4) MT 14.14, 
Amps 1545. (FBN—) MT 8.58, 
Amps 1527 (FBN 4) MT 8.48, 


of Coordinated 


Overreached Location 11 Station S (Figure 12-46) 
Relay KD-10 

Amps 1324. (FBN 22) 51, OT 

Amps 662. (FBN 22) 1.02, OT 

Amps 953. (FBN 21) 0.00, OT 

Amps 1458. (FBN 22) 47, OT 

Amps 1060. (FBN 0) 99.99, OT 

Amps 1324. (FBN 22) 51, OT 


operating time of 99.99 seconds means the device 
will not trip. An operating time of 777.77 seconds 
indicates a current in the device in the range of 1 

to 1.3 times the tap current (for a relay), or 1.00 to 
about 2.50 for a fuse. The device may operate, but 
the operating time cannot be accurately given. 
Impedance as sensed by the relay. 999.99 indicates 
infinite impedance 


Station L Station J 


O® OD geo a, 
<> Station B > 


Fault #26 
Station N 


Operating Time 0.00 Sec 
Operating Time 0.00 Sec. 
Operating Time 0.00 Sec. 


Operating Time 0.00 Sec. 
Operating Time 2.92 Sec. 
Operating Time 7.08 Sec. “* 
Operating Time 2.50 Sec. 
Operating Time .78 Sec. 
Operating Time 0.00 Sec. 


Figure 12-6: Example of Device Operation Check for One Fault Condition. 


the system response map. Device K, in turn, forms a device 
pair with Land M. K-Lis the critical device pair and also 
forms a link. Device L forms only one device coordination 
pair, link L-N. This sequence of links forms an uninter- 
rupted path connecting all devices to the slow operating 
time of device I. The three-link chain (I-K, K-L, L-N) is 
shown in Figure 12-7b. Note that the System Response 
Map includes all devices in the desensitized device list (de- 


vice I) plus additional devices that may not from their set- 
tings appear to be causes of coordination problems (devices 
K, L, and N). 


III-C. Improving System Performance 


System protection is measured by the operating speed of 
the back-up devices while maintaining coordination. Once 


ee gt he ee ee 


ee 


a) The Critical Coordination Path: 
Links IK, KL, and LN to Form Chain I-K-L-N. 


[1 }-—> KL an) 


b) The System Response Map. 


Figure 12-7: The Critical Coordination Path and The System 
Response Map. 


the critical coordination path has been determined, the relay 
engineer can improve system protection with the specific 
changes indicated by the map. 


The relay engineer has two alternatives for improving sys- 
tem protection. He may upgrade the system in critical 


Station W (@) 


Station D 


areas Or compromise coordination in non-critical areas. 
The purpose of any device change is to influence the op- 
erating time of as many devices in the critical coordination 
path as possible. 


tati 
Sistion'S Tie to System 
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Station E 
Station L 


Station B 


City Park Tap 


Station N 
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Figure 12-8: A Single Line System Diagram in Which The Dotted 
Changes are Being Made. 
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Figure 12-9: Topology and Identification for The System of Figure 12-8. 
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In the example of section III-B, the chain represented by 
devices I, K, L, and N is eliminated by reducing the operat- 
ing time of device N. This can be achieved by replacing de- 
vice N with a more sophisticated protection scheme. This 
change reduces the settings of I, K, and L. 


The point(s) at which a chain is broken must be chosen 
carefully. Where limited miscoordination may be tolerated, 
the breakpoint is chosen to minimize disruption of customer 
service. If misccordination cannot be tolerated, a more so- 
phisticated protection scheme must be applied. 


Table 12-V 


Input Data for the Existing Protective Devices and Their Settings for the System 
Shown in Figure 12-8, before the Addition of the Generator and Line Tap 


Current 
Transf. 
Location 


Number Device 


(x/1) 


t+eetettat 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


IV. PROGRAM APPLICATION 


The application of the PDCP program is illustrated for the 
system shown in Figure 12-8. The addition of a generator 
at Station N and a line tap into Station D requires new re- 
lays at these two stations. Furthermore, the protection 
schemes in the surrounding system must be investigated. 


The system topology and identification as shown in Fig- 
ure 12-9 are programmed into the computer. Note that all 
lines, buses, and device locations have been numbered. 
Fault buses are established at several points for the pur- 
poses of fault calculations. A digital short circuit study is 


Tap 


Inst. Trip Setting Time Dial Tap Range 


Trip Direction or or or or 
Ratio and 
Impedance Zone 


Impedance 
Range 


Step Time 
in Sec. 


Impedance 
Setting 


Impedance 
Angle 


e 


performed to obtain a magnetic tape listing the fault cur- 
rents and voltages in the short circuit solutions. As shown 
in Figure 12-1, this tape is accessed for the Data Check 
Study, the Coordination Study, and the Final Coordina- 
tion Study. 


IV-A. Data Check Study 


The Data Check Study establishes the application currents 
and checks the settings and coordination of the existing re- 
lays. Typically for the Data Check Study no changes in de- 
vice settings are made. Discrepancies between the existing 
settings (shown in Table 12-V) and the computer-determined 


Table 12-VI 


| Computer Commentary on Existing Protection and 
| Settings for the Modified System Shown 
| in Figure 12-8 


Loc. 2 


| A directional-overcurrent relay would be preferred. 

| The instantaneous trip setting of 35.00 is too low. 
This relay should have a directional instantaneous 
unit set at 49.3. 
The tap setting of 3.50 is too low. 
Maximum fault produces 159.99 amps in secondary 
of C.T. 

| 


Loc. 16 


The instantaneous trip setting of 50.00 is too low. 
Maximum fault produces 318.82 amps in secondary 
of C.T. 


Loc. 17 


A directional-overcurrent relay would be preferred. 
The instantaneous trip setting of 60.00 is too low. 
This relay should have a directional instantaneous 
unit set at 71.2. 

The tap setting of 4.50 is too low. 

Maximum fault produces 129.03 amps in secondary 
of C.T. 

An impedance relay set at .55, (Zone one), might be 
a better choice for line protection than the instan- 
taneous trip unit. 


Loc. 18 


A directional-overcurrent relay would be preferred. 
The instantaneous trip setting of 18.00 is too low. 
This relay should have a directional instantaneous 
unit set at 35.9, 

The tap setting of 3.00 is too low. 

Pilot protection should be used. 
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settings for the modified system are printed in the format 
shown in Table 12-VI. As indicated in Table 12-VI, the re- 
lays most severely affected by the changes in system con- 
figuration are those at locations 2, 16, 17, and 18. None of 
these protective devices will operate properly in the new sys- 
tem. 


Since no changes are made during the Data Check Study, 
relay miscoordinations may occur. Table 12-VII illustrates 
one miscoordinated pair of relays. This table shows clearly 
that the relay at location 18 does not coordinate with the 
relay at location 5 for any of the six current pairs. In this 
system, nearly 50% of the relay coordination pairs have 
serious coordination problems. There are many cases, how- 
ever, where only minor miscoordination exists and informa- 
tion from the Data Check Study will be sufficient to cor- 
rect the problems quickly and easily. When major coordi- 
nation problems exist, as in this example, the Coordination 
Study is warranted. 


IV-B. Coordination Study 


The Coordination Study determines settings for optimum 
device coordination. The comment section of the Data 
Check Study (Table 12-VI) indicates that changes in device 
types are necessary at locations 2, 16, 17, and 18. From this 


commentary, directional instantaneous and time-overcurrent 
IRV-7 relays are selected. The Coordination Study is then 


Le o> 


Cae 


Figure 12-10: The System Response Map for The System of 
Figure 12-8. 


Table 12-VII 


A Device Pair that does not Coordinate for the Six Data Pairs 
when the Modifications are made to the System Shown in Figure 12-8 


Overreaching Location 18 Station N Overreached Location 5 Station D 


Relay CO-7 Relay 


(FN 17) 
(FN 23) 


(FN 83) 
(FN 0) 
GN 0) 
(FN 23) 


IRV-7 


2534. (FBN 2) Not Coordinated 
1030. (FBN 2) Not Coordinated 
8500. (FBN 7) Not Coordinated 
2899. (FBN 2) Not Coordinated 
2091. (FBN 0) Not Coordinated 
2060. (FBN 2) F Not Coordinated 
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run to observe the effects of the changes and establish new 
settings for these devices. Study results are given in Table 
12-VIII. 


Table 12-IX lists the desensitized protective devices for the 
system shown in Figure 12-8, and Figure 12-10 shows the 
System Response Map. The System Response Map shows 
that coordination through the 34.5/115-kV transformers 

js the major remaining coordination problem. Devices 8 
and 9 are located on the 115-kV side of their respective 
transformers. To coordinate through the transformers, lo- 
cations 7 and 14 as well as the remainder of the devices in 
the chains shown must be set high. Several solutions are 
possible. First, the devices at location 7 and 14 could be 
replaced with impedance-controlled overcurrent relays, 
such as KD/CO types. This solution eliminates the problem 
of coordination through the transformer by controlling the 
reach of the overcurrent relay with the impedance unit. Al- 


ternatively, the devices at the same locations could be re- 
placed with two-zone impedance relays, such as the type 
KD-10. In this case, the relay’s reach is effectively con- 
trolled by the second zone impedance unit. 


IV-C. The Final Coordination Study 


For the example system, it was decided to replace the re- 
lays at locations 7 and 14 by two-zone KD-10 relays. A 
Final Coordination Study provides the settings listed in 
Table 12-X; these settings are quite low and ensure fast op- 
erations for faults. A comparison of the settings listed in 
Tables 12-VIII and 12-X indicates improvements in tap 
and time dial settings. 


A detailed explanation of all three studies is beyond the 
scope of this book. 


Table 12-VIII 
Revised Settings Determined by the Coordination Study for the System of Figure 12-8 


Current 
Transf 
Location 
Number Device 


(x/1) 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


Tap 


Inst. Trip Setting Time Dial | Tap Range 


Trip Direction or or or or 
Ratio and 
Impedance Zone 


Impedance 
Range 


Impedance 
Angle 


Step Time 
in Sec. 


Impedance 
Setting 


12 EE PEO PRON aT CO 
CODSTDONSDSCONCOS 


+ Zone 2 


+ 
+ 


Table 12-IX 
Desensitized Protective Devices for the 
System Shown in Figure 12-8 


Final Final Initial Initial 
Loc | Type Tap | Time Dial Tap Time Dial 
5.0 5.0 0.5 


5.50 
5.0 5.75 . 0.5 
4.50 
5.75 
6.50 


Table 12-X 


Final Choice of Devices and Settings for the System Shown in Figure 12-8 


Tap 
Current Inst. Trip Setting Time Dial 
Transf. Trip Direction or or or 
Location Ratio and Impedance | Impedance | Step Time 
Number (X/1) | Device Impedance Zone Angle Setting 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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Tap Range 
or 
Impedance 


Chapter 13 


Protection of Network Systems, 
Utility /Industrial Plant Ties, 

and Automatic Transfer Schemes 
Author: J. V. Kresser 


I. Introduction 
II. Protection of Network Systems 


A. Grid-Type Networks 

1. Secondary Network Relaying 

2. Network Relay Characteristics and Operation 
B. Spot Networks 

1. Spot Network Relaying 

2. Effect of Non-dedicated Feeders 


III. Protection of Utility/Industrial Plant Ties 


Single Line Terminating or Tapped into Trans- 

formers 

Single Line Terminating or Tapped into a High-side 

Breaker 

Industrial Plants Served from Loop Systems 

Double Lines Terminating or Tapped into Trans- 

formers 

Plant Substation Termination 

Plant Protection 

1. Plant System Protection with No Local Genera- 
tion and No Automatic Reclosing 

2. Plant System Protection with No Local Genera- 
tion but with Automatic Reclosing 

3. Plant System Protection with Local Generation 
but No Automatic Reclosing 

4. Plant System Protection with both Local Gen- 
eration and Automatic Reclosing 

5. Single-Phase Protection 


mi 9OQ wp} 


IV. Automatic Transfer Schemes 


A. Automatic Transfer of Bulk Loads 
B. Automatic Fransfer at Utilization Voltage 
C. Optional Features for Automatic Transfer Schemes 
1. Automatic Return to the Normal Source 
2. Transfer Switch in Control Circuitry 
3. Lockout Devices 
4. Automatic Load Interruption 
D. High Speed Automatic Transfer of Critical Loads 
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I. INTRODUCTION 


This chapter covers several areas not included in previous 
chapters but important in the distribution of electrical en- 
ergy to consumers: 


a. Protecting low voltage network systems. 


b. Protecting the connection between the electric utility 
and an industrial plant. 


c. Automatic transfer of load from one source to another. 


II. PROTECTION OF NETWORK SYSTEMS 


Low voltage networks consist of interlaced loops or grid 
systems. They are always supplied by two or more power 
sources so that the loss of any one source will not result in 
an interruption of power. These systems provide the highest 
level of reliability possible with conventional power distribu- 
tion and are normally used to serve high-density load areas. 
Primary applications are in central or downtown city areas; 
large buildings (using vertical networks or spot networks); 

in shopping centers; and in some industrial plants. Network 
systems are either grid type or spot: service is three-phase, 
three-wire or three-phase, four-wire at 208Y/120 V or 
480Y/277 V. 


II.A. Grid-Type Networks 


A schematic of a typical grid or secondary network system 
with four sources of supply is shown in Figure 13-1. Each 
source is a dedicated feeder supplying the network unit, 
which consists of a high voltage switch, a network trans- 
former, and a network protector. The transformer, usually 
a three-phase core-type unit, is designed for underground 
service. The primary winding is rated in the nominal distri- 
bution voltage range of 4.16 to 34.5 kV and is usually delta 
connected. An oil-filled high voltage switch on the trans- 
former tank provides for no-load interruption. This switch, 
which can be equipped to interrupt magnetizing current, has 
three positions: open, close, and ground. The transformer 
secondary is 120/208 or 267/460 V, wye connected for 
three-phase, four-wire service to the network through the 
network protector. The protector consists of an air circuit 
breaker, fuses, and relays. 


The secondary grid consists of single-conductor cables inter- 
connecting the vaults and manholes. For the 120/208-volt 
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Figure 13-1: Typical Secondary Network System. 


systems, as well as for the grid tie points, the connection 
from the protector to the grid is often direct, with no over- 
current protective devices. Direct connection is possible be- 
cause any fault will be single line-to-ground and, at 120- 
volts-to-ground, will burn itself clear in the cable when the 
fault current exceeds a certain minimum. Where there is 
some doubt as to whether the fault will burn clear—and for 
all 267/460-volt networks—connections are made through 


limiters installed in each secondary main junction.* 


(1) to open the 
circuit to the network automatically when the primary cable 


The function of the network protector is: 


is deenergized from the substation end, (2) to close auto- 
matically when the primary cable is energized and the sys- 
tem and network voltages are within prescribed limits, and 
(3) to trip automatically for primary cable and/or trans- 
former faults. Protector fuses, connected between the cir- 
cuit breaker load terminals and the network protector ter- 
minals, provide back-up protection for the protector circuit 


breaker during primary feeder or network transformer faults. 


Fuses are sized to coordinate with the circuit breaker trip- 
ping for transformer or primary cable faults and with the 
secondary cables or limiters, when used, for secondary cable 
faults. 


11.A.1. Secondary Network Relaying 


A fault on a primary cable that feeds a number of network 
units will be cleared at the substation end by the protective 


*Conventional limiters are a special type of fuses consisting of cop- 
per sections sized to protect particular cables. Silver-sand limiters, 
which have current-limiting capability, are also used in some net- 
work systems. 


To Other Parts of Network 


relays and the feeder breaker. At the network end the fault 
will be cleared by opening all the network protectors of the 
units fed by the cable. The remaining cables and network 
units have sufficient capacity to pick up the load normally 
carried by the faulted cable and its network units. After the 
cable has been repaired, it is restored to service by closing 
the substation breaker. If the system and network voltages 
are in correct relationship, closing the substation breaker 
causes all the protectors on the associated network units to 
close automatically. 


IL.A.2. Network Relay Characteristics and Operation 


To obtain the operations described above, the network pro- 
tector incorporates a master relay, a phasing relay, and, op- 
tionally, a desensitizing relay. 


The master relay, a three-phase directional relay, is specially 
designed to provide highly sensitive directional tripping and 
to close the protector if the network voltage is favorable. 
The type CN-33 network master relay consists of three elec- 
tromagnets acting on a single induction drum. Each elec- 
tromagnet has a current coil and two potential coils, one of 
which is energized by the network line-to-ground voltage 
and the other by the phasing voltage (voltage across the 
open breaker). 


The network line-to-ground voltage and the reverse current 
through the protector provide the idealized trip character- 
istic (shown in Figure 13-2) for balanced three-phase condi- 
tions. The protector will trip when the current into the net- 
work lags the network line-to-ground voltage by from 
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Figure 13-2: Network Master Relay Idealized Trip Characteristic. 


slightly more than 90° to slightly less than 270°. The cur- 
rent required to trip the protector at rated voltage is ad- 
justable from 0.1 to 10 percent of the protector continuous 
current rating at the maximum torque angle of 180°. Thus, 
the protector can be set to trip when the phasor values 
equal the magnetizing current of the associated transformer. 
This setting ensures a network protector trip when the net- * 
work transformer is energized from the network. The ideal 
characteristics deviate from a straight line for high reverse 
current values during primary fault conditions, because the 
network protector current transformers and the relay elec- 
tromagnets saturate, as shown in Figure 13-3. 


The network line-to-ground voltage and the phasing voltage 
provide the master relay close characteristics shown in Fig- 
ure 13-4. In this figure, the phasing-volt scale is consider- 
ably larger than the network voltage scale. For example, a 
phasing voltage of only 0.5 V, in phase with the network 
voltage, will allow the protector to close. When the phasing 
voltage leads the network voltage by 75°, a voltage from 

1.2 to 4.7 V is required to allow the protector to close. This 
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Figure 13-3: Master Relay Trip Characteristic. 
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Figure 13-4: Master Relay Close Characteristic. 


seemingly large leading angle actually represents a small 
angle between the network and transformer secondary line- 
to-ground voltages. For example, if the network line-to- 
ground voltage is 120 volts and the 90 degree leading phas- 
ing voltage is 10 volts, the transformer line-to-ground volt- 
age leads the network line-to-ground voltage by 4.76°. If 
the network line-to-ground voltage is 277 volts, the trans- 
former line-to-ground voltage leads by 2.07 degrees for a 10 
volt 90 degree leading phasing voltage. Figure 13-5 shows 
the combined close-trip characteristics of the type CN-33 
relay. 
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Figure 13-5: Master Relay Complete Characteristic. 
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Under certain system and network conditions, starting with 
the protector breaker open can result in protector breaker 
pumping if only the master relay is used to control reclosing. 
That is, when the breaker closes it immediately trips out and 
then recloses setting up a pumping action. Such a condition 
is shown in Figure 13-6. The network voltage and the phas- 
ing voltage phasors are in an angular relationship that closes 
the protector breaker. When the breaker closes, the result- 
ing load current is at an angular relationship with the net- 
work voltage shown by the current phasor. As a result, the 
load current will cause the breaker to trip with resultant 
pumping. 
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Figure 13-6: Condition Which Causes Protector Breaker Pumping. 
(Master Relay Characteristic per Figure 13-5) 


To prevent pumping, the network master relay is supple- 
mented by a CNJ network phasing relay similar to the 
master relay, but consisting of a single electromagnet acting 
on induction drum. The electromagnet has two potential 
coils, one energized by the network voltage and the other 
by the phasing voltage. The characteristic of the network 
phasing relay is a straight line through the origin of polar 
coordinates, with the network voltage as the reference axis 
(Figure 13-7a). The characteristic angle can be adjusted to 
four different positions spanning a 30° angle, and the close 
curve can be moved parallel to the position shown in Fig- 
ure 13-7a. The phasing relay contacts are in series with the 
master relay close contacts, providing a closing area shown 
in Figure 13-7b. In this way, breaker closing is permitted 
only when the phasing voltage lags the network voltage by 
up to about 25° or leads it by zero to about 100°. 


Figure 13-8 shows the operation of the two relays in closing 
the protector breaker and preventing pumping action. The 
phasing voltage Vy is assumed to be leading the network 
voltage by 75°. This phasor is in a position to close the 


protector, at which time the current through the protector, 
1 will lag the original phasing voltage by an angle approxi- 
mately equal to the system impedance angle. The theoret- 
ical limiting value of this angle is 90°, but even in this case, 
the protector would stay closed, as I, is within the CN-33 
master relay close area. A lagging phasing voltage, V,, on 
the other hand, would cause a resultant current, I, provid- 
ing protector pumping conditions except it is outside the 
phasing relay’s operating zone. 
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Figure 13-7: Combined Master and Phasing Relays Characteristics. 
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Figure 13-8: Example of Operation of Network Protector With 
CN-33 and CNJ Relays. (Vx is a Leading Phasing 
Voltage, Vy a Lagging Phasing Voltage). 


In some cases, such regenerative loads as elevator drives can 
cause a network protector to open briefly. Starting a large 
induction motor during light load periods can also cause the 
network protectors to open momentarily. In both cases, 
the protectors will reclose after a short interval. 


Frequent protector operation increases maintenance and 
should be avoided. A desensitizing relay will reduce protec- 
tor operation by introducing a time delay in tripping the 
protector for low values of reverse current. This relay con- 
sists of a thermal timing unit and three instantaneous trip 
units, set for about 1-1/2 to 2 times the protector rating. 
The timing unit contacts and the overcurrent unit are in 
parallel; the combination is in series with the master relay 
trip contacts. The thermal timing unit is energized when 
the master relay trip contacts close on small reverse current. 
If the master relay trip contacts are still closed after a time 
delay of one to five minutes, the timing contacts will close, 
tripping the protector. If, on the other hand, the master 
relay contacts open during the timing cycle, the thermal 
unit will be deenergized and will reset. Thus, the protector 
will override low reverse current flow of short duration but 
will trip for low values of sustained reverse flow. If the re- 
verse current flow in any phase exceeds the corresponding 
instantaneous overcurrent unit setting, the protector will 
trip immediately. In this way, tripping is assured for pri- 
mary fault conditions. 


II.B. Spot Networks 


Large concentrated load areas, such as commercial buildings 
and shopping centers, are frequently served by spot net- 
works—two or more network units fed by two or more pri- 
mary feeders. A typical two-unit spot network is dia- 
grammed in Figure 13-9. The network units may be in- 
stalled in vaults, like the secondary network units, or on 
surface pads. In either case, they are fed through under- 
ground cables. Typically, the spot network primary cables 
are tapped from non-dedicated feeders, either overhead or 
underground. The cable taps are made through fused cut- 
outs or other overcurrent devices, so that primary cable or 
transformer faults will not cause outages to other loads fed 
by the feeder. 


I1.B.1. Spot Network Relaying 


Generally, the spot network protector has the same type of 
relays as those used for secondary network protectors. How- 
ever, other loads tapped from the feeders between the sub- 
station and the spot network may cause a circulating cur- 
rent in the network units. Asa result, one protector can 
open and may then be subjected to continuous pumping if 
the phasing relay is not set properly. 
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Figure 13-9: Typical Spot Network. 


A blown primary fuse can also cause problems. A fault in 
the primary cable or transformer should cause the associ- 
ated protector to open. However, in installations with fuses 
or single-pole interrupters in the primary circuit, the stand- 
ard network master relay may not trip. A “Watt-Var” relay 
can solve these problems. With this modified master relay, 
the maximum torque occurs when the current leads the net- 
work line-to-ground voltage by 120° instead of 180°. The 
characteristics for balanced three-phase conditions are 
shown in Figure 13-10. (Note that the maximum torque 
line is shifted 60° from that in Figure 13-2.) 


Complex calculations are required to analyze a fault fol- 
lowed by one or more open phases as a result of the fuses 
blowing. Positive, negative, and zero sequence networks are 
set up for the system in a conventional manner. The net- 
works are interconnected to represent one of the unbal- 
ances using isolating ideal (no-leakage/no-loss) transformers 
to interconnect the sequence networks for the second un- 
balance. From this complex network, simultaneous equa- 
tions can be written and solved.* 


*The technique for calculating simultaneous unbalances is presented 
in Chapter 2, Section IV.F. 
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Figure 13-10: Watt-Var Relay Idealized Trip Characteristic. 


Using the system of Figure 13-9, an example will indicate 
the quantities involved for a phase ‘“‘a” line-to-ground fault 
at the primary terminal of the network transformer, fol- 
lowed by the phase ‘“‘a’”’ fuse opening on the same circuit at 
the other end of the cable. The network and interconnec- 
tions shown in Figure 13-11 are based on the following as- 


sumptions: 

a. Source 3¢ short circuit capacity = 250 MVA 

b. Source Zo = Source Zy 

c. Source R/X ratio = 0.1 

d. Transformers: Z=5%, R/X ratio = 0.22 

e. Network load: 1000 KVA at 0.80 pF, balanced with 


zero sequence representation of 1.6 +j 1.2 per unit to 
account for assumed total unbalanced load 


Simultaneous equations can determine the currents through 
the two network protectors and the network line-to-ground 
voltages. The results are shown in Figure 13-12. Since the 
currents are unbalanced, relay operation cannot be fully 
determined from the phasor diagrams, which apply to bal- 
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Figure 13-11: Sequence Networks and Connections for a Phase 
“a” -to-Ground Fault on The Network Transformer 
Primary and a Phase “a” Fuse Open on The Other 
End of The Cable for The Spot Network of Figure 13-9. 


anced three-phase conditions. The torque equation for de- 
terilining the performance of the Watt relay is: 


T=K (Vel. Cos 4 + Volp Cos Oy, + 
vi I, Cos 8.) (13-1) 


Where Oo. 94, and 0. are the angles by which the respective 
currents lead the corresponding line-to-ground voltage. For 
the Watt-Var relay: 


T=-K (Vib Cos Oba + Vole Cos 9 ob 


+ Vo Cos 0.0) (13-2) 
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Figure 13-12: Quantities in The Network Protectors for The 
Simultaneous Unbalance of Figure 13-11. 


Where 8a 8 oy and ae are the angles by which the respec- 
tive currents lead the indicated voltages. In other words, 
Ona is the angle by which I, leads V,. 


Under balanced conditions, Equation (13-1) reduces to 


T =K (3VI Cos 8) (13-3) 
and Equation (13-2) to 
T =K [3VI Cos (60 + 6)°} (13-4) 


A negative value of torque corresponds to a relay trip ac- 
tion; for the Watt relay, maximum tripping torque occurs 
at 180° (Figure 13-2) and for the Watt-Var relay, at 120° 
(Figure 13-10). 


Substituting the values of the example from Figure 13-12 
into Equations (13-1) and (13-2), respectively, the relay 
torque for the Watt relay is 


Faulted transformer: T = -0.0868 K (Trip) 
Unfaulted transformer: T = 1.7533 K (Non-trip) 


and for the Watt-Var relay 


Faulted transformer: T = -7.8637 K (Trip) 
Unfaulted transformer: T = 9.5805 K (Non-trip) 


Thus, although either relay type will respond correctly, the 
operating torque for the Watt-Var relay is over 90 times 
that of the Watt relay. Clearly, it will operate much faster. 
Similar calculations for line-to-line and double line-to- 
ground faults, with two fuses opening, also show greater 
torque for the Watt-Var relay—approximately 12 and 9 
times greater, respectively. 


Extensive investigations on spot network systems compar- 
ing Watt and Watt-Var master relay response under unbal- 
anced fault conditions have led to the following conclu- 
sions: 


a. The Watt-Var relay will always develop a much greater 
tripping torque for unsymmetrical! primary faults, with 
or without blown primary fuses. 


b. For unbalanced primary faults on some spot networks— 
particularly single line-to-ground faults—with or without 
blown primary fuses, the Watt relay may not develop 
tripping torque until the primary feeder breaker ahead 
of the fuses opens. On the other hand, the Watt-Var re- 
lay will always develop tripping torque at the instant of 
fault inception. 


c. Watt-Var relays will always trip the protector much 
faster on all unbalanced faults, with or without blown 
primary fuses. 


There are, however, several limitations to applying Watt- 
Var relays as spot network unit protectors: 


a. Under the condition shown in Figure 13-13, there isa 
possibility of a false non-trip operation, instead of a trip. 
If the top primary feeder breaker is opened, it should 
cause the associated network protector to open. If, 
however, the cable charging current (Ic) is greater than 
the transformer magnetizing current (yy), the protector 
will not open. (See Figure 13-14.) That is, the vector 
sum IM + Ic of the two currents will be in the non-trip 
region if Io is sufficiently greater than Iu: Conversely, 
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the Watt relay will always trip under this condition, re- 
gardless of the relative values of Io and Iu: 


b. A false trip operation is possible when too many un- 
switched capacitors are left on the network bus during 
light load periods. As shown by Figure 13-10, the Watt- 
Var relay will trip if the power factor angle of the net- 
work load is greater than 30° lead. Again, the Watt re- 
lay will operate correctly. 


c. The Watt-Var relay cannot replace the Watt relay in ex- 
isting installations. The relay connections differ, and, 
more importantly, special interference mounting studs 
on the protector prevent the insertion of a Watt-Var re- 
lay on a protector originally equipped with a Watt relay, 
and vice versa, on Type CM-22 network protectors. The 
new Type CMD drawout network protectors are pro- 
vided with a Type CN-33 relay that will exhibit either a 
Watt or Watt-Var tripping characteristic depending upon 
how the protector is wired. This Type CN-33 relay is 
used exclusively on the Type CMD protectors and can- 
not be used on the Type CM-22 protectors”. 
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Figure 13-13: Spot Network With One Breaker Open. 


Network 
Voltage 


0.8 Lagging PF. Network 
Load Current 


Figure 13-14: Condition of Figure 13-13 Resulting in Non-Trip of 
Unit Number 1 Protector With The Watt-Var Network 
Relays. 


ILB.2. Effect of Non-dedicated Feeders 


Unlike a dedicated network feeder, which supplies only net- 
work transformers, a non-dedicated feeder supplies other 
non-network load, as well as network transformers. When 
a spot network is supplied from non-dedicated feeders, un- 
equal loading and unequal impedances in the primary feed- 
ers may cause one network unit to experience a reverse cur- 
rent. For example, in Figure 13-13, a heavy load tapped 
from the upper overhead feeder may cause a reverse current 
in network unit 1. This is illustrated in Figure 13-15. A 
reversal such as shown for unit 1 will occur when source 
breaker 1 is opened or may be caused by circulating cur- 
rents. 


Figure 13-15: Spot Network With One Non-Dedicated Feeder. 


When source 1 opens, the associated protector for unit 1 
will open and interrupt the tapped load. Network unit 2 
would then carry the total network load, which creates no 
serious problem if network unit 2 is properly sized and the 
protector relays are properly calibrated. 


Circulating current I,,, Figure 13-15, results from unequal 
voltage drops in the two feeders, primarily because of the 
tapped load I> and flows to equalize the drops in the two 
paths between the substation and network busses. Asa re- 
sult, one of the network protectors will have a net result- 
ant current, ly - Io the phasor difference between its load 
current and the circulating current. 


If this net current is in the reverse direction, the network 
protector will open, stopping the flow of circulating cur- 
rent. The protector will reclose if the resultant phasing 

voltage is within the close region, restoring the condition 


of circulating current. The protector will again open. Con- 
tinuous protector pumping is thus theoretically possible un- 
til the load changes to a point where the net current through 
the protector is in the forward direction or the phasing volt- 
age prevents the protector from closing. However, it is usu- 
ally possible to adjust the phasing relay to prevent pumping. 
Having the protector trip and stay open is preferable to 
pumping, but the advantage of the spot network is lost. If, 
however, the other feeder trips out, the initially open pro- 
tector will close, thus restoring service to the load after a 
momentary outage. 


The major advantage of the spot network, service continuity, 
is nullified if one of the source or one of the two protectors 
is open during normal conditions. Clearly then, it is impor- 
tant that both network protectors in a two-unit spot net- 
work be closed at all times. 


The net resultant current ly - I, can be determined by 
equating the voltage drops of the two paths in Figure 13-15. 


(1, +1) (Z4 + Z_) = 
yal pt eet fy) epee (13-5) 
Rearranging, 
(ly ~1,) (Zp+Z, + Zp) = 
and Nel, th or 
rin oly (13-7) 
Substituting, 
(y - 1,) (Z, + Z. + Zy) = 
(Uy ~ ly +1) (Zg + Zp) - U2 (13-8) 
=-(1y ~ 1.) (2g + 27) 
+Iy (Zq + Zp) -ILZ¢ (13-9) 
(ly - 1) (Zq+ Zt Zt 2Zy) = 
Ty (Zg + Zp) - Ze (13-10) 


I -I 


y ¢ ZqgtZ .+Z,_t 2Zy (13-11) 


Assuming the Watt relay is used, the protector will trip 
when the real component of ly - ee given by Equation 
(13-11) is negative in sign. Since the impedances in 
Equation (13-11) are complex numbers, it is difficult to 
develop a simple expression showing when the real part 
of ly - I, is negative. A simple expression can, however, 
be written if the resistive components of the impedances 
are assumed to be zero. Under this assumption, the real 
component of ly - I, is negative whenever 


Ry Xp > RK Iy (Xq + X_) (13-12) 


I Xq + X_ Cos Oy; 


i 


13- 

Cos Oy (13-13) 
Where ® symbolizes ‘“‘the real component of, ” IL and In 
are the scalar values of the currents, and Oy and EN are their 
angles with respect to the network voltage (negative for cur- 
rent lagging voltage). 


Equation (13-13) permits a quick check of the Watt master 
relay performance under various load and impedance condi- 
tions. If the inequality given by Equation (13-13) is satisfied, 
the relay will trip the protector. Examination of this inequal- 
ity reveals three important points. First, increasing the load 
on the network (scalar value of In) with all other quantities 
fixed, except for I; in Equation (13-13), allows a higher load 
(scalar value of I) to be placed on the tapped feeder, with- 
out having reverse current flow and protector tripping. Sec- 
ond, with the network load and feeder load (iy and In) fixed, 
increasing the impedance of the network transformer (Xy) or 
untapped feeder (Xq) may prevent reverse current flow in 

the protector associated with the tapped feeder. Third, re- 
ducing the impedance (X¢ of the tapped feeder between the 
substation and tapped load also reduces the chance of reverse 
current flow and protector tripping. 


Similarly, the criterion for a trip operation of the Watt-Var 
relay for the system of Figure 13-15 is 


Xq + XT Cos (60° + On) 


Cos (60° + 6; ) (13-14) 


NY Xp 
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A comparison of Equations (13-13) and (13-14) leads to the 


following general conclusions for the system in Figure 13-15: 


a. The Watt-Var relay is a better choice if the tapped load 
angle is algebraically greater than the network load angle 
(a lag angle of lower magnitude is the algebraically 
greater). 


b. Both types of relays have the same response if the 
tapped load angle and the network load angle are equal. 


c. The Watt relay is a better application if the tapped load 
angle is algebraically smaller (greater in magnitude) 
than the network load angle. 


A balancing transformer can be used, as shown in Figure 
13-16,* in cases where each type of relay can present a 
problem. The cross connection adds only a small imped- 
ance for the through currents I, and Iy> and the leakage 
impedance is only about 0.5 percent on the network trans- 
former rating base. On the other hand, the impedance to 
the circulating current, I) is very large. Its value is twice 
the magnetizing impedance of one of the balancing trans- 
formers, which is approximately 1.5 per unit on the same 
base. The effect is to reduce the circulating current to 
very low values, practically eliminating the possibility of 
tripping. 


Figure 13-16: Balancing Transformers for Spot Networks With 
Non-Dedicated Feeders. 


*The solid arrows shown in the balancing transformer secondaries 
represent the load current components. They flow around the 
secondary loop with the same polarity in the secondaries and hence 
encounter a low series impedance. The dotted arrows are the circu- 
lating current components, which are of opposite polarity in the sec- 
ondary loop and hence encounter a high series impedance. 


lll. PROTECTION OF UTILITY/INDUSTRIAL PLANT 
TIES 


The electrical interconnection between utility and indus- 
trial plant is important both to the utility and to the eco- 
nomic operation of the industrial company. Early and 
careful planning, with close mutual coordination, is the 
key to protecting the tie between utility and plant. 


Arrangements used to serve an industrial plant depend on 
the size and type of the plant load and the importance of 
service continuity. Non-interruptable power is not possi- 
ble without standby facilities, although utilities do pro- 
vide extremely high service continuity. Factors which af- 
fect protection include the presence of local generation; 
high inertia loads that can contribute significant fault cur- 
rent; connections and grounding of the supply transform- 
ers, whether or not the feeders or supply lines are dedi- 
cated; and reclosing requirements. 


Several typical three-phase supply systems will be dis- 
cussed, emphasizing the protection of the plant or system, 
rather than of the apparatus and the lines or feeders. The 
protection of apparatus and feeders is covered in Chapters 
6 through 10. 


Several systems are in general use to supply power to an 
industrial plant. 


IIL.A. Single Line Terminating or Tapped 
into Transformers 


The simplest service to an industrial plant is a single line 
from the substation terminating or tapped into one or 
more transformers (Figure 13-17). With only one plant 
connected, the feeder is “dedicated,” but often other 
plants are tapped on the utility feeder. The transformers 
and associated switchgear may be owned either by the 
utility or the industrial company. Since, in this scheme, 
there are no high-side breakers at the industrial terminal or 
tap, the utility substation breaker must be opened for trans- 
former faults, or, at the least, provisions must be made for 
such opening where transformer high-side fuses are used. 


Transformers should be equipped with fault protection such 
as sudden pressure relays and/or differential relays. This 
fault protection must transfer-trip the substation breaker by 
one of the several methods described in Chapter 15. With 
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Figure 13-17: Plant Fed by Single Line Terminating 
into Transformers. 


high-side fuses, transfer-trip is still desirable to provide 
back up, should the fuses fail to clear the fault. 


If the transformers have no protection except for the high- 
side fuses, the substation line relays must then provide 

back up. Generally, these relays will not be sensitive enough 
to operate for light internal faults. 


With two plant transformers, as shown in Figure 13-17, 
the low voltage bus is usually split into two sections con- 
nected through a bus tie breaker, normally operated open. 
This arrangement reduces the low voltage feeder breaker 
short-circuit duty and results in only a partial plant outage 
if one transformer fails and its high-side fuses open. The 
damaged transformer can then be isolated by its high volt- 
age switches and the low voltage main breaker. 


By closing the bus tie breaker, the load on the bus can be 
transferred to the other transformer and bus. This bus tie 
breaker can be closed automatically if three conditions are 
met: (1) one bus voltage is normal, (2) the other bus volt- 
age is zero, and (3) the transformer breaker on the dead 
bus is open. 


Iil.B. Single Line Terminating or Tapped into a 
High-Side Breaker 


Shown in Figure 13-18, this system provides the transform- 
ers with separate protection, so that transformer faults can 
be cleared without tripping the utility substation breaker. 
The low-side bus tie breaker may be operated either nor- 
mally open or normally closed, depending on the equipment 
capacity and operating requirements. If normally open, this 
breaker should be equipped with a high speed automatic 
transfer scheme to close as soon as the corresponding trans- 
former secondary breaker opens upon loss of voltage on one 
bus section. To avoid damage to motors operating under 
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Figure 13-18: Plant Fed by Single Line With Transformer 
HV Breakers. 


heavy loads, it may be necessary to delay the closing with a 
type SVF-1 relay set to drop out at 25 percent of normal 
voltage. At this voltage level, automatic reenergization of 
the motor is acceptable. 


IH.C. Industrial Plants Served from Loop Systems 


Used to provide the plant with an alternate supply, a typical 
system of this type is shown in Figure 13-19. The two lines, 
supplied from different utility substations, improve plant 
service continuity. These circuits are usually non-dedicated, 
with several other loads similarly connected or tapped by a 
single connection terminating at the plant, as in Figures 
13-17 and 13-18. The loop may be open at one of the 
plants, normally operating with one of the high-side break- 
ers open. This arrangement limits the short circuit kVA at 
the plant bus and avoids undesirable power exchange, with 
its inherent losses, between the two utility substations. 
(Note that these lines are distribution circuits and are not 
intended nor required for transmission.) 


If the loop is opened at the plant, it provides standby serv- 


ice rapidly available by automatic transfer, or by supervisory 
control or local transfer control after a short outage. 
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Figure 13-19: Plant Fed by Loop System. 
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IlIl.D. Double Lines Terminating or Tapped 
into Transformers 


As illustrated in Figure 13-20, the high-side paralleling dis- 
connect switch in this system is normally open except when 
one line is out of service. It is then similar to the system 
shown in Figure 13-17. If the load cannot be balanced con- 
veniently on the two bus sections, the low-side bus tie 
breaker, if present, is normally closed, as long as the switch- 
gear has adequate interrupting capability. 


ie 
al 


Utility 
Substation Industrial Plant 


Figure 13-20: Plant Fed by Two Lines Terminating into 
Transformers. 


Generally, relaying can be applied as for the system in Fig- 


ure 13-17. The following considerations should be observed: 


a. With the high-side bus tie breaker operated normally 
open, each line and its transformer is a separate system 
and should be protected as such. 


b. The normally open bus tie breaker can be closed auto- 
matically when one bus section voltage is zero with the 
corresponding transformer secondary breaker open. 


c. Automatic transfer should be coordinated with the sub- 
station breakers. 


In a modification of this system, shown in Figure 13-21, 

the plant is tapped on a double line serving other custom- 
ers. Each plant is connected to one of the two lines through 
a normally closed disconnect switch, with the other discon- 
nect switch normally open. While only one transformer is 
shown, two may be used in an arrangement similar to the 
one in Figure 13-20. 


I.E. Plant Substation Termination 


A substation is used for large industrial plants, as shown 
typically in Figure 13-22. The supply feeders may be dedi- 


cated, as shown, or there may be other taps. To justify this 
arrangement, plant power requirements generally involve 
lines from 69 kV up. The plant would have local genera- 
tion, and lines would be protected by one of the many 


schemes described in Chapters 10 or 16. 


Figure 13-21: Modification of System of Figure 13-20. 


Utility ; 
Substation Plant Substation 


Figure 13-22: System With Substation at Industrial Plant. 


I.F. Plant Protection 

When a service interruption occurs, the protection at the 
plant depends principally on four factors: (1) the supply 
arrangement, (2) whether the plant has local generation 
and/or synchronous motors, (3) the nature of the loads, 

and (4) the reclosing requirements of the substation breaker. 
Several cases are considered below. 


IlI.F.1. Plant System Protection with No Local 
Generation and No Automatic Reclosing 


The recommended protection for this system consists of an 
undervoltage and reverse-phase type CP relay (device 27/47), 
with a multi-contact auxiliary type WL (device 94). Since 
this type CP is a three-phase relay, only one is required. 


On loss of utility supply at a plant bus, the type CP oper- 
ates through the WL relay to trip the transformer main 
breaker(s) and/or all the motor feeder breakers. The latter 
operation prevents all the motors from re-starting simultane- 
ously on restoration or on automatic transfer of service. 
Motor feeder protection is not necessary if the utility’s oper- 
ating instructions require the utility operator to obtain a 
clearance from the plant before restoring service, either by 
closing the substation breaker or by transferring to an alter- 
nate source. Even in this case, however, automatic tripping 
of the transformer main breaker(s) is desirable. Should a 
phase reversal of the supply occur on restoration, the CP 
will prevent breaker reclosing on supply-side voltage or 
retrip on plant-side voltage. 


If the plant’s line breakers are equipped for automatic trans- 
fer, service should not be restored to running motors unless 
they are disconnected or unless the voltage has decayed to 
around 25 percent of normal. 


Ili.F.2. Plant System Protection with No Local 
Generation but with Automatic Reclosing 


Since many supply faults are transient, automatic reclosing 
of the substation breaker can provide fast service restoration 
and minimize plant outage. To avoid out-of-phase reclosing 
and possible damage, synchronous or large induction motors 
should be disconnected before restoration. These motors 
can have induced voltage resulting from the residual flux or 
shunt capacitor excitation at the time of supply restoration. 
If the reclosing is delayed around 5 to 10 seconds, the auto- 
matic trip and lockout scheme of the CP and WL relays can 
be applied to the plant feeders involved. 


The type KP (27) three-phase voltage (and phase sequence) 
relay is recommended for higher speed reclosing. It consists 
of a cylinder unit with its two windings energized by three 
phase voltage in an open delta type connection. The pick-up 
or drop-out is adjustable between 30 to 120 volts. If motors 
represent a large part of the plant load, the voltage decay 
rate may be too slow to operate the high speed KP relay be- 
fore reclosing takes place. In such cases, reclosing must be 
delayed or the critical motor load disconnected by such 
means as a transfer trip. 


At the plant substation, the supply transformer breaker can 
be automatically reclosed on restoration of the supply for 
all loads and motors that can be restarted automatically. 
For example, the main breaker and those feeders that are 
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not to be restarted automatically are tripped on loss of sup- 
ply. All the other feeder breakers would remain closed. 
Upon restoration, the main plant breaker would close auto- 
matically if the source-side voltage is normal and the plant- 
side voltage is low. 


The circuit for this arrangement is shown in Figure 13-23. 
Typical setting for the SV-1 (59S) overvoltage relay would 
be 95 percent of normal voltage. Its drop-out at 40 to 80 
percent of rated voltage should avoid opening the contacts 
when the source voltage drops because of inrush. The 
SVF-1 (29L) undervoltage relay is typically set for a drop- 
out of approximately 25 percent of rated voltage which is 
constant over 20 to 60 Hz. Thus, the transformer main 
breaker will reclose automatically only when the source 
voltage is close to norma! and where automatic reenergiza- 
tion of the motors is acceptable; that is, when the plant 
voltage from the running motors has decayed to about 25 
percent of normal. This scheme maximizes service restora- 
tion in the minimum feasible time. 


59S 27k 


— + p-.. /p—__ Reclose Circuit 


Type SV-1 (59S): Source Side Over-Voltage Relay 
Type SVF-1(27L): Load Side Under-Voltage Relay 


Figure 13-23: Supervision of Automatic Reclosing of Transformer 
Main Breaker. 


III.F.3. Plant System Protection with Local Generation 
but No Automatic Reclosing 


Generation within the plant requires fast opening of the 
utility tie, bofh to clear faults on the interconnection and 
to avoid back feed to the utility or other loads on non- 
dedicated feeders. Protective relays are thus required to 
trip the main tie breaker. Directional phase overcurrent 
relays—either type IRV or CR (67)—are recommended. 
They are connected looking into the tie and must be co- 
ordinated with the utility’s substation protection scheme. 


The instantaneous unit will provide high speed tripping 
for transformer faults but, depending on the relative values 
of the transformer and line impedances, may provide very 
little to no line fault protection.* 


*The principles of setting and coordinating these relays are covered 
in Chapter 10. 
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It is assumed that the local generation can supply sufficient 
current to operate these relays for faults on the intercon- 
nection. For greater sensitivity, the phase overcurrent unit 
can be set below load, since normal power only flows from 
the utility to the plant. 


With a single line supply and a plant supply transformer 
wye-grounded on the high side, a type CO (51G) relay con- 
nected to a current transformer in the grounded neutral 
will provide protection for ground faults on the tie. Where 
the transformer is grounded delta on the high side, high 
side voltage transformers connected in broken delta toa 
type CV (59G) ground relay are recommended. Either type 
must be coordinated with the utility’s relays to avoid pri- 
mary operation for ground faults not on the industrial plant 
tie. 


With the transformer high side delta connected, opening the 
utility substation breaker changes the interconnection to an 
ungrounded system. In this case, the fault power is consider- 
ably reduced. However, the local generation may supply 
positive sequence energy sufficient to maintain the ground 
fault arcs indefinitely while contributing to possible reso- 
nance between the transformer magnetizing inductance and 
the feeder shunt capacitance. 


A sensitive power relay, such as the type H-3 (32), or KH-1 
(32) can be applied to operate on reverse power from the 
plant into the utility tie. On non-dedicated feeders, such a 
relay is required to prevent the plant’s feeding other loads 
when the utility breaker is open. Both types should be used 
with a timer to avoid operations on momentary or transient 
reversals. Naturally, the phase angle and magnitude of the 
reverse currents are important criteria for these applications. 


The H3 is a three-phase directional relay with a three phase 
minimum pick-up of 0.08 amps at 120 volts at maximum 
torque. One style uses the 90-45° connection with maxi- 
mum torque when I lags by 45°, Another style provides 

a watt characteristic with maximum torque when 1 is in 
phase with the applied voltage. The KH-1 is a single phase 
cylinder type directional relay with a minimum pick-up of 
0.020 amperes at 120 volts at maximum torque which oc- 
curs when I leads the applied voltage by 30°. To provide 

a watt characteristic for reverse power detection, the delta 
voltage lagging the unity power factor phase current is used. 


On closed-loop systems (Figure 13-19) or systems with dual 
supply and high-side breakers (Figure 13-22), ground relay- 


ing is not subject to the problems outlined above if there is 
a ground source at the utility end of each source. For these 
systems, conventional directional ground relays should be 
applied. 


Voltage polarization can be used where the plant transform- 
ers are connected delta on the high side, as long as three 
high-side voltage transformers are available to provide 3Eo. 
If these voltage transformers are not available or cannot be 
used, a negative sequence directional ground relay—such as 
the type CRQ or IRQ (67N) can be connected to the voltage 
transformers on the low voltage bus. This secondary poten- 
tial must always be connected to the primary system. 


In most cases, the local generation is not capable of supply- 
ing the entire plant when the tie to the utility system is lost. 
Under frequency relays should therefore be applied to open 
preselected feeders, automatically shedding load until it 
matches the existing generation. The purpose of automatic 
load-shedding is to retain the most critical loads and avoid 

a complete plant or process shut down. System load-saving 
is discussed in Chapter 21. 


After the tie is opened, it is necessary to resynchronize the 
local generation with the utility system. Resynchroniza- 
tion can be performed manually, semi-automatically by 
using the type CVE or CVE-1 synchronism verifier relay 
(25), or automatically by an XASV automatic synchronizer. 


IlI.F.4. Plant System Protection with Both Local 
Generation and Automatic Reclosing 


With this system, both the industrial plant and utility sub- 
station breakers must be tripped simultaneously at high 
speed, providing a dead time on the line that allows the 
transient fault to deionize before any reclosing takes place. 
In practice, some type of pilot relaying is required for the 
interconnection. Two common schemes are the HCB pilot 
wire or the K-DAR directional comparison blocking systems, 
described in Chapters 14 and 16. Assuming a good source 
at the utility end, the HCB pilot wire is the only system 
that can provide simultaneous high speed tripping at both 
ends even when the local generation is very light or out of 
service. All other relaying schemes require sufficient fault 
energy to operate relays at the light generation terminal. 
Weak-feed pilot systems can be applied and described in 
Chapter 17. 


With high speed simultaneous tripping of both ends of the 
tie, high speed, single-shot reclosing can be used for both 
breakers, with only a momentary interruption for transient 
line faults. A study should be made to ensure that the local 
generation angle will not be significantly different from the 
utility’s during the 15- to 20-cycle open time. If the genera- 
tion angles differ, the utility will reclose instantly, and the 
plant can resynchronize either manually, semi-automatically, 
or automatically, as described above. 


Since a transient line fault does not always clear on the first 
attempt at reclosing, the utility frequently will use reclosing 
relays to make two additional time-delayed attempts to re- 
close before locking out. Plant resynchronizing will occur 
after a successful reclosure or, in case of a permanent fault, 
upon manual restoration of service. 


IILF.5. Single-Phase Protection (See also Chapter 7) 


Wherever the transformers have high-side fuses rather than 
a circuit breaker, single-phasing will result when one fuse 
blows. All industrial plant loads include induction motors, 
which will attempt to maintain voltage on the open phase. 
Therefore, unless the induction motors stall, voltage relays 
such as type CP (27/47) or type KP (27) may not operate 
for the single-phasing condition. 


Figure 13-24 shows the equivalent circuit of a system with 
induction motors and static loads in parallel during single- 
phase conditions. The zero sequence network is not in- 
volved, since either the loads or source are ungrounded 

(or at least no zero sequence path exists from the source 

to the loads). The motors will have a largeshare of the neg- 
ative sequence current; at speeds about pullout, their neg- 
ative sequence impedance is much less than their positive. 
sequence impedance. When the motors pull out and stall, 
the two impedances are equal, with s = |. 


The induction motors supply the static loads connected to 
the open phase and, above a critical ratio of static load to 
initial motor load, the motors will stall. For example, as- 
suming a single motor and a static load equal to 3 per unit 
on the rated motor input kVA base, the motor will stall 
upon single phasing if its initial load were about 0.2 per 
unit. If the static load is equal to one per unit, pullout 
will result if the initial motor load is about 0.5 per unit. 
The induction motors will generally continue to run upon 
single phasing if they constitute 80 percent or more of total 
plant load, even if they were fully loaded initially. 
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Static Load = Zt 


Motor (s } 
Phase Xs, Xm, Xr, Rs, Rr 
X2 S=Slip 


{a) Schematic of an Industrial Plant 


Positive Sequence Neutra! Bus N1] 


Negative Sequence Neutral Bus NL 


{b) Sequence Networks and Interconnections for Phase “a” Open on The 
Supply Source. 


Figure 13-24: Equivalent Diagram of Static and Induction Motor 
Loads During a Single Phase Operation. 


If the induction motors continue to run, the voltage un- 
balance will probably not be sufficient to operate current- 
type phase unbalance relays. The CVQ (27/47) negative se- 
quence voltage relay is therefore recommended for single- 
phase protection of the plant supply. This relay will op- 
erate when the negative sequence component of the volt- 
ages is 0.05 per unit, even for a 100-percent motor load, 
provided the initial load is at least 25 percent of the motors 
total rated load. The relay, energized from the low voltage 
bus, should trip the associated transformer secondary 
breaker. * 


IV. AUTOMATIC TRANSFER SCHEMES 


Major applications for automatic transfer schemes include 
the transfer of power plant auxiliaries, the transfer of large 
loads from one source to another, and the transfer of dis- 
tribution feeders from one bus section to another. All 
these schemes have one common objective: the transfer of 
loads from a normal or preferred source of power to a 
standby or emergency source, with maximum service con- 
tinuity and without equipment damage. 
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IV.A. Automatic Transfer of Bulk Loads 


Automatic transfer for large, important loads can be used 
wherever an alternate supply is available but not normally 
connected—whether for economic reasons, to limit short 
circuit capability, or for any other reason. The load may 
be a distribution substation, a large commercial load, or an 
industrial plant. Among a number of practicable schemes, 
two examples will illustrate the principles. 


The first, shown schematically in Figure 13-25, involves 

a number of loads fed by individual transformers from a 
double feeder. The taps are connected alternately, so that 
the two lines are either the normal or the standby source, 
depending on the position of the disconnect switches. 
(Note that one tap station in Figure 13-25 is shown in de- 
tail.) This example does not use high voltage breakers; the 
disconnect switches are power operated. 


For faults on the supply lines, the substation breaker will 
trip, with or without reclosures, in an attempt to restore 
service. The transfer scheme, as shown in Figure 13-25, is 
initiated when the type CV relay (27B) operates on loss of 


Substation (s) 


Transfer Schematic 
for Loss of 
Normal Supply 


Legend: 


supply voltage. Its contacts close, after a time delay to pre- 
vent unnecessary transfer, either during brief voltage dips 
resulting from faults elsewhere or during the substation re- 
closing cycle. Where there is either no reclosing or single- 
shot reclosing of the substation breaker, the time delay be- 
fore contact closure should be approximately 0.75 second 
for zero volts. With several timed reclosures of the substa- 
tion breaker, the time delay of the CV must, of course, be 
increased to coordinate with the reclosing cycle. An auxil- 
iary timing relay may be required. The time delays of the 
relays at other load locations on the same source should be 
unequal, providing sequential rather than simultaneous 
transfer. 


In Figure 13-25, devices 59L1 and 59L2 are instantaneous 
overvoltage relays, such as type SV, connected to the 
sources as shown. When the normal source fails, contacts 
S9LI1 and 27B close on loss of voltage. If normal voltage is 
available on the alternate source, 59L2 contacts will be 
closed, thus energizing the open 89N circuit. The 89N dis- 
connect switch, upon opening, closes 89N(b) to complete 
the close 89A circuit provided 89A (LSC) is closed. Relay 
59L1 prevents transfer if breaker 52 or the transformer 
high-side fuse opens. 


To Other 
Loads 


Manual Transfer 
Back to 
Prefered Supply 


N.O. =Normally Open 
N.C. = Normally Closed 
L.S.O. = Limit Switch Open 
L.S.C. = Limit Switch Closed 


Open 89N Close 894 


Close 89N Open 89A 


Figure 13-25: Automatic Transfer of Bulk Loads Served by Single Transformer Bank. 


The power-operated disconnects have limit switches to cut 
off the control power on full open (LSO) and full closed 
(LSC) positions. Hence, the LSC contact is closed when 
the disconnect switch is open, while the LSO contact is 
closed when the disconnect switch is closed. These LSC 
and LSO contacts are shown in Figure 13-25 with the dis- 
connect switch closed. 


After service is restored, return to the normal supply may 
be either manual or automatic. Manual return, shown in 
Figure 13-25, is generally preferred. With manual return, 
the transformer secondary breaker 52 must be tripped, since 
the disconnect switches cannot interrupt load current. Aux- 
iliary switch 89A(b), shown in the 89N close circuit, is re- 
quired when the two sources cannot be paralleled even 
momentarily during the transfer. To close 89N, the control 
switch CS(c) is manually operated, first energizing the open- 
ing circuit of 89A by closing CS(o). When 89A is open, as 
indicated by the closure of 89A(b), 89N is closed. During 
this process, the control switch must be held in the close 
position, and breaker 52 must be open. 


If automatic return is required, a CV relay designated 27L, 
energized from the source side of 89N can be used to open 
89A and close 89N with 52 open. This requires automatic 
tripping and reclosing of the transformer secondary breaker. 


For economic reasons, single-phase or line-to-line measure- 
ment of the voltages for transfer in the above schemes are 
generally considered satisfactory. The probability of the 
supply source operating single phase is normally very low; 
however, three-phase measurement of the voltages may 
possibly be required. In this case, the type CP relay (47) 
can replace the type CV (27). The CP will detect and op- 
erate on undervoltage phase failure and phase reversal. 
However, its operation on phase failure requires an induc- 
tion motor load on the bus of less than 80 percent of the 
total load. The induction motors will act as phase bal- 
ancers and attempt to hold up three-phase voltage. Where 
induction motor load exceeds 80 percent of the total, a 
type CVQ (27/47) negative sequence voltage relay should 
be used to detect phase failure. 


As shown in Figure 13-26, important substations are al- 
most always served by two or more transformers to mini- 
mize an extended outage resulting from a transformer 
failure. The low voltage bus is normally operated split, 
with the bus tie (52-3) open to reduce the interrupting 
requirement of the low-side breakers. Similarly, for nor- 
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mal operation, the transformers are not paralleled on the 
high voltage side. 


Type CV undervoltage relays (27-1 and 27-2) indicate 
voltage on their respective low voltage busses. These relays 
are set so their normally closed contacts close after about 
0.75 second delay on loss of voltage; their normally open 
contacts close approximately 2.0 seconds after restoration 
of normal voltage. 


This scheme assumes high speed single-shot reclosing of the 
source breakers. Devices 27-1 X and 27-2X are type MG-6 
auxiliary relays; devices 86T1 and 86T2 are type WL lockout 
relays, operated by the transformer protective relays. Nor- 
mally, with voltage, both bus No. 1 and No. 2 back contacts 
27-1 and 27-2 are open, with 27-1 X and 27-2X deenergized. 


If an unsuccessful reclosure causes an outage on line No. 1, 
the 27-1 normally open contact opens and the 27-1 normally 
closed contact closes to energize and seal in auxiliary 27-1 X. 
This action completes the circuit shown at the lower left of 
Figure 13-26 to open the 89-1 disconnect siwtch, and in 
turn close 89-1(b). This completes the circuit to close the 
89-3 disconnect switch. Service is then restored by connect- 
ing T1 and bus 1 to the line No. 2 supply. 


If, for any reason, bus No. 2 voltage is not normal, relay 27-2 
will operate to energize and seal in auxiliary 27-2X. Its back 
contact 27-2X in the 89-1 open and 89-3 close circuit pre- 
vents the transfer. 


The return of voltage on bus No. 1 energizes relay 27-1, clos- 
ing the normally open 27-1 contact and opening the 27-1 
back contact, thereby resetting auxiliary 27-1 X. For an 
outage on line No. 2, a similar circuit exists to transfer 
transformer T2 and bus No. 2 to line No. 1. 


The transfer circuits for faults in transformer T1 are shown 
on the lower right side of Figure 13-26. The transformer 
protective devices will operate lockout relay 86T 1, tripping 
and locking out breaker 52-1, and transfer-tripping and 
locking out line No. 1 source breaker. (Note that this cir- 
cuitry is not shown in the figure.) The resulting line No. 1 
outage operates relay 27-1 to pick up 27-1X, as described 
above. The opening of 86T1 normal closed contacts 
(shown on the left-hand schematic) prevents disconnect 
switch 89-1 from opening and 89-3 from closing. When 
27-1X picks up, however, the circuit at the right side is com- 
plete, opening disconnect breaker 89-1 and isolating the 


13-18 


Line 1 Line 2 IV.B. Automatic Transfer at Utilization Voltage 


Among the schemes used for automatic transfer at utiliza- 
tion voltage, a typical example is shown in Figure 13-27. 
Devices 27-1 and 27-2 are either type CV relays, which give 
single-phase indication, or type CP relays for three-phase 
voltage measurement. Type MG-6 electrical reset relays are 
used for 27-1X and 27-2X, along with an operate coil (0) 
and a reset coil (R). Devices 86-1 and 86-2, type WL lock- 
out auxiliary relays, are operated by their respective bus 
differential relays. Their zone may include the transformer. 


Upon loss of voltage on the transformer No. 1 secondary, 
relay 27-1 closes its normally closed contact, which pick up 
27-1X. Operate coil (0) latches in and opens its own “oper- 
ate” coil circuit. One set of normally open 27-1 X contacts 
closes to trip breaker 52-1 through the normally closed con- 
tacts of 27-2X, indicating voltage on transformer No. 2. 


Since 27-1X is closed, breaker 52T is closed automatically 
27 27 after breaker 52-1 trips by closing its 52-1(b) contact. 


2 2 ; 
: > Thus, bus No. 1 load is connected to bus No. 2. 
og) 5a) Relay 27-1 will be energized when transformer No. 1 voltage 
returns to normal. Closing the normally open 27-1 contact 
Open 89-1 Close 89-3 Open 89-1 Close 52-3 energizes the 27-1 X reset coil. A normally closed contact 
Line 1 Outage Transformer 1 Fault . : 
Trip 52-1 Transfer Trip Line] of 27-1X then closes to trip breaker 52-T. Breaker 52-1 will 
reclose automatically after breaker 52T opens to close 
Figure 13-26: Automatic Transfer of Bulk Loads Served by Two 52-T(b). 


. Transformer Banks. 


A similar operation occurs on loss of secondary voltage to 
transformer No. 2, resulting in the transfer of load by con- 


faulted transformer T1. Since 52-1 has been tripped open, nection of bus No. 2 to bus No. 1. This operation includes 
auxiliary relay 27-1X also completes the close circuit to dis- the return of the load to bus No. 2 when voltage is restored 
connect switch 52-3. Service to bus No. | is then restored on the transformer No. 2 secondary. 

and , after a short time delay, 27-1 and 27-1X are back to 

normal, as shown. If there is no bus tie breaker, only one transformer second- 


ary breaker would be vlosed. The entire load would thus 
This scheme transfers the total load to transformer T2. be fed from one transformer. Loss of one transformer’s 


Some less critical load-dropping must be arranged if its secondary voltage will cause its breaker to open and the 


size or forced cooling capacity is inadequate other transformer breaker to close. This scheme is used for 


a preferred/emergency source system, where the emergency 


source is used only when the preferred source fails. Return 


In applications where the low voltage bus ts solid: or 2-2 to the preferred souce upon its restoration is accomplished 


is operated normally closed, line voltage failures must be «na manner similar to that shown in Figure 13-27. 


detected by the voltage relays connected to voltage trans- 
formers on the line side of disconnect switches 89-1 and 
; ; : IV.C. Optional Features for Automatic Transfer Schemes 
89-2. The operation for a line voltage loss is the same as 
for a transformer failure, except that there is no bus tie All automatic transfer schemes can be provided with any 


breaker circuit. or all of the optional features described: 
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T Transformer 1 Ae Transformer 2 


)52-1 52-2 
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Figure 13-27: Automatic Transfer at Load Voltage. 


IV.C.1. Automatic Return to the Normal Source be performed from a remote control station under super- 
visory control. 
As previously discussed, the choice between manual and 


automatic return is dependent upon several factors: IV.C.3. Lockout Devices 
a. Estimate of possible length of outage These devices prevent transfer during undesirable conditions, 
including locking out on bus and transformer faults, except 
b. Overload capability of the alternate source line and under automatic sectionalizing of the faulted transformer 
equipment (as in the system of Figure 13-26). The time delay on the 
undervoltage relay will normally prevent transfer during 
c. Time and expense required for manual restoration of feeder faults. This delay is sufficient to allow the feeder 
all loads for systems such as the one shown in breaker to clear the fault™ind the bus voltage to return to 
Figure 13-25. normal. 
IV.C.2. Transfer Switch in Control Circuitry Normally, transfer is also locked out unless the alternate 
source voltage is normal, preventing an unnecessary transfer 
This feature provides a selection between manual and upon simultaneous failure of both source voltages. This 
automatic transfer. In addition to providing for manual feature is incorporated in the schemes used as typical ex- 
transfer of load from one source to the other, it can also amples. 
prevent automatic transfer during undesirable system con- 
ditions. Although one transfer switch may be common to 1V.C.4. Automatic Load Interruption 
all control circuits involved, it is preferable to have a sepa- 
rate switch for each breaker and/or power-operated dis- As discussed in Section II, it is sometimes necessary to drop 
connect switch. In this way, the control circuits can be part of the load when there is a momentary or very brief 
isolated as far as possible. Latched-in relays may replace voltage interruption. Automatic transfer schemes can in- 


or supplement the transfer switches, so that selection may clude this feature when required. 
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IV.D. High Speed Automatic Transfer of Critical Loads 


Power sources to motors supplying critical load, such as 
power plant auxiliaries and critical processes cannot be 
interrupted for more than a very short time. For these 
cases, transfer must be made at high speed. An instantane- 
ous voltage relay such as the SV or the KP is recommended, 
so that the load can be transferred as soon as the normal 
source breaker opens. With high speed transfer, the ‘‘dead 
time” of the motor drive is 15 to 20 cycles, 10 cycles mini- 
mum. 


For other drives, or where spare capacity is available and 
running, transfer is delayed until internal motor voltage has 
decayed to about 25 percent of normal. In these cases, the 
transfer is supervised by a type SVF-1 instantaneous voltage 
relay with a low adjustable drop-out which is constant over 
a 20-to-60-Hertz range. This prevents excessive inrush and 
high transient shaft torque peaks. Since these motors are 
controlled by circuit breakers, they will automatically re- 
turn to normal speed when transferred to the alternate 
source, 


Figure 13-28 illustrates an alternate high speed transfer 
scheme for motors. This scheme uses the type HV-4 high 
speed, three-phase voltage angle relay as the transfer control 
unit. Consisting of three inductor-loop units acting ona 
common shaft, the HV-4 operates each inductor loop by an 
electromagnet with two coils. One coil is energized by the 


normal source, the other by the alternate or standby source. 


Normal Alternate 
Source Motor Load Bus Source 


Voltage Phasors For Maximum Torque 


Operation of 78 (HV-4) Trips 5..N and Closes 52S 


Figure 13-28: High Speed Motor Transfer With Voltage Angle 
Relay. 


When the normal source fails, its bus voltage, Vo will start 
to decay and drop back in a phase angle relative to the alter- 
nate source voltage, Ve: The relay will close its contacts in 
less than 35 milliseconds when the voltages on the set of 
coils for the alternate source bus are at rated value, and the 
voltages on the other set of coils are at two-thirds rated 
value and lag by the maximum torque angle of 55°. Torque 
will therefore be developed the instant the source voltage 
fails and the load bus voltage starts to decay, lagging the al- 
ternate source voltage. The transfer signal is initiated within 
two cycles of voltage failure; transfer is completed at a favor- 
able phase angle between motor residual voltage and alternate 
source voltage. This scheme can also be used to transfer a 
power plant auxiliary bus to the standby source. 


Another critical load is electronic equipment for which 
power cannot be interrupted. Transfer schemes for this 
equipment are of the ‘‘no-break” type: power to the load is 
not interrupted when the normal source fails and the load is 
transferred to the alternate source. Of the several transfer 
schemes, one type uses a flywheel motor-generator set that 
maintains generator voltage upon motor failure long enough 
to allow the motor to be connected to a standby source. 
Another scheme uses an ordinary motor-generator set with 
its generator driven by a dc motor. The dc motor, fed by a 
rectifier supplied from the normal source, is also connected 
to a battery floating on the source. The battery has suffi- 
cient capacity to keep the motor-generator set running while 
the rectifier is transferred to a standby source. Other 
schemes, normally provided by the user, use a battery and 
solid state devices to make the no-break transfer. 
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I. INTRODUCTION 


In pilot relaying, a communications circuit is used to com- 
pare the system conditions at the terminals of a power 
transmission line. This method provides selective high 
speed clearing of all faults on the transmission line. 


High speed simultaneous clearing of all line terminals has 
several advantages. First, it limits the possibilities of con- 
ductor damage from overloading and, in general, minimizes 
damage to the line. Quick removal of faults also improves 
the system’s transient stability. Finally, high speed clearing 
permits high speed reclosing, which, if successful, both im- 
proves transient stability and minimizes outage time or poor 
voltage conditions on portions of the system load. 


Pilot relaying with a pilot wire requires an end-to-end metal- 
lic circuit over which 50-60-Hz and dc voltage may be trans- 
mitted. Since the system involves transmission of a 50 or 
60-Hz wave replica in both magnitude and phase, pilot wire 
protection is analogous to differential protection of busses, 
transformers, and machines. 


The application of a 50-60-Hz pilot wire relay system is a 
simple, straightforward method for providing high speed 
protection on short lines. This system is also more econom- 
ical than most pilot systems. It is a current-only system; no 
potential transformers are necessary. Self-contained in one 
relay case, the system requires no auxiliary communication 
equipment to transmit and receive information. 


Il. HCB AND HCB-1 PILOT WIRE SYSTEMS 


Both the HCB and HCB-1 pilot wire systems use a compos- 
ite filter to convert the three-phase currents at each termi- 
nal of a two- or three-terminal line into a single phase volt- 
age. The single phase voltage at each line terminal is com- 
pared to the remote terminals via a pilot wire (pair of wires) 
to determine whether the fault is inside the protected line. 
Figure 14-1 illustrates a simplified circuit for a two-terminal 
line. Three terminal applications are also discussed in Chap- 
ter 17. 


For through-current conditions, the filter output voltages 
(Vg and Vy) have the polarity shown. The polarity of VG 
and Vi allows them to support a circulating current flow 
through the restraint coils and the pilot wire. Very little 
current will flow in the operating coils at the two terminals. 
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Since there is considerably more restraint current than op- 
erating current, the relay does not operate. 


When an internal fault occurs, one of the sequence filter’s 
voltages will reverse. For the arrangement shown in Figure 
14-1, Vy, will reverse its polarity. With voltages V; and Vu 
in opposition, most of the current will flow through the op- 
erating coils. Since the operating torque is now greater than 
the restraint torque, the relays at both line terminals will 
trip. 


Through Current 


Filter Filter 


Operating Coil 


Figure 14-1: Simplified Schematic of The HCB and HCB-1 
Relay System. 


The operating and restraint coils, both wound on the center 
leg of a dc polar unit, are energized through separate sets of 
full-wave rectifiers. In the maximum restraint tap, the op- 
erating coil (Ig) current required for operating is 


Ip, = (0.16 Ip + 8)mA (14-1) 
In the minimum restraint tap, 
Igy = (0.12 Ip+ 8)mA, (14-2) 


where IR is the restraint current in milliamperes. 


The 8-mA constant in Equations (14-1) and (14-2) repre- 
sents the restraint bias produced by the permanent magnet, 
which bridges the two outer legs of the polar unit. Note 
that one unit of operating current has the same effect as 
8.3 units of restraint current in the minimum restraint 

tap and 6.25 units of restraint in the maximum tap. (See 
Chapter 3 for a more detailed discussion of the polar unit.) 


Figure 14-2 shows the ac connections to the HCB or HCB-1 
relay for the pilot wire system of Figure 14-1. With either 
relay, the filter voltage Vp is impressed on the saturating 
transformer which, along with the zener diodes, limits the 


Saturating Transformer 
4/\or 6/1 


Insulating Transformer 


Low Voltage 


Composite 
Sequence 
Filter 


b 10 Mfd 

Cc 

A Operating Coil 

a-b-c . 
To Pilot Wire 


Rotation 


Figure 14-2: The ac Connections to The HCB or HCB-1 Relay. 


energy impressed on the pilot wire. The maximum limits 
are 60 V during an internal fault and 100 mA for an exter- 
nal fault. For the HCB relay, the filter voltage Vp is: 


Vp =21,,] +I9(Ry + 3Ro) (14-3) 
where 


R, and Ro = filter resistor tap values 


I at phase a positive sequence current 


Ig = zero sequence current 
For the HCB-1 relay, the filter voltage Vp is: 


Vp=Cyla, + Colgg + Cg (14-4) 


where 


Cy; C,, and Cy = filter constants controlled by taps on 
the relay 


ly = phase a positive sequence current 


12> phase a negative sequence current 
Ip = zero sequence current 


These filters and the derivation of the output voltages are 
detailed in Chapter 3. 


As Equations (14-3) and (14-4) make clear, the major dif- 
ference between the HCB and HCB-1 relays is the design of 
the composite sequence filter. The HCB filter does not re- 
spond to a negative sequence current; sensitivity to phase- 
to-phase faults is based on positive sequence current only. 


The HCB-1 sequence filter, which does respond to negative 
sequence current, makes the HCB-1 system more sensitive 
to phase-to-phase faults for a given setting to three-phase 
faults. Because of this difference in sensitivity, HCB and 
HCB-1 relays cannot be mixed at different line terminals to 
protect the same line. 


A comparison of HCB and HCB-1! relay sensitivity is shown 
in Table 14-I. 


Table 14-I 


HCB and HCB-1 Single Relay Pickup for 
Comparable Settings 


Pickup (in amperes)| Pickup (in amperes) 
for HCB Set for HCB-1 Set 
at 4:0.1:1.6 at 4:C:H 


Type of Fault 


NF 
ets al ee 
G3 
rr x 2500 
ae pee 2 2000 
rip Area SE 
| t— ‘c = 1900 
€3 
© € 1000 
38 
+ © 500 N 
~Current in Near Relay (N) F 
x =a = 1000 2000 3000 4000 
qa NY We +Current in Near Relay (N) 
With Matched Transformers S Percent of Nominal Pickup 
5 
kNormal Load and Thru > 
Fault Current Fall +S & Trip Area 
kAlong This Line eo L ne 2 
i — 
5 ht 
S No 2 Transmission Line 
3. + + 
3. 
es OE 


Legend, 
++ Currents = Thru Fault 
+- Currents = Interna! Fault 


X= If Plotted Current Falls in These 
Areas Only One Relay Trips 


Figure 14-3: Typical HCB and HCB-1 Operating Characteristic 
Currents in Percent of Nominal System Pick-up. 


Figure 14-3 shows the operating characteristic of the HCB 
and HCB-1 systems, assuming that the near and far relay 
filter voltages are either in phase or 180° out of phase. As 
the curve shows, both relays can operate with current input 
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to only one relay. This feature allows the relays to simulta- 
neously trip all terminals, even if one terminal has a very 
small source or, temporarily, no source at all. The ability 
to trip with a very weak source is a unique feature of the 
HCB/HCB-1 relay system. 


The HCB and HCB-1 operating characteristic will change as 
a function of the pilot wire shunt capacitance and series re- 
sistance. The shape of the curves, however, will remain sub- 
stantially the same. 


HCB and HCB-1 relays permit simultaneous or sequential 
high speed tripping of three-terminal lines under severe in- 
feed conditions. For example, high speed tripping is pos- 
sible even when a small amount of power flows out one ter- 
minal for an internal fault near another terminal—with 
heavy infeed from the other terminals. (See discussion in 
Chapter 17). 


Both the HCB and HCB-1 relays have four tap settings: 


Tap T - The saturating transformer tap adjusts overall 
relay system sensitivity. For the HCB, T 
equals 4, 5, 6, 8, 10,12, or 15. For the 
HCB-1, T equals 4, 5, 6, 7, 8, 10, or 12. 


Tap R, - This filter resistor tap provides fine adjust- 
ment for phase-fault sensitivity. For the HCB, 
Ry equals 0.075, 0.1, and 0.15 ohm (relay 
taps are actually marked 0.07, 0.1, arid 0.15). 
For the HCB-1, R, equals A, B, or C. 


Tap Rg - A second filter resistor tap adjusts for ground- 
fault sensitivity, independent of the phase- 
fault setting. For the HCB, Ro equals 0.39, 
0.51, 0.68, 0.9, 1.2, and 1.6 ohms. For the 
HCB-1, Ro equals G or H. 


Restraint 
Tap - This tap adjusts the relay restraint. It is set 


on the maximum tap for two-terminal lines 
and on the minimum tap for three-terminal 
lines. 


III. CRITERIA FOR SETTING HCB AND 
HCB-1 RELAYS 


The following three quantities must be known in order to 
set the relays properly: 
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I3p- Total minimum internal three-phase secondary fault 
current fed from all terminals, divided by the num- 
ber of terminals (either two or three). 


I, - Maximum secondary load current flowing through 
the protected line. 


Ig - Total minimum internal line-to-ground (319) sec- 
ondary fault current fed from all terminals, divided 
by the number of terminals (either two or three). 


Settings that provide operation for minimum internal fault 
conditions are based on the total fault current flowing into 
the protected line from all terminals. The relays are usually 
set to avoid operation on balanced load current if the pilot 
wires should become open circuited. With the pilot wires 
open, all the restraint coil current flows through the operat- 
ing coil, and the relays then operate as overcurrent devices. 


For phase-fault sensitivity, a minimum relay setting must 
meet the following criteria for taps T and Rj. 


HCB: 

: . 

R, 2 10 1y, (14-5) 
HCB-1: 

T 21, (Tap C) 
or 

Hi 
T aoe (Tap B) (14-6) 


If sufficient fault current is available, it is recommended 
that the above criteria for the minimum setting be modified 
as follows. 


HCB: 

Rez !25 a (14-7) 
HCB-1: 

T > 1.25 I; (Tap C) 
or 

T >0.62 1, (Tap B) (14-8) 


To assure operation on the minimum three-phase and phase- 
to-phase faults, taps T and R, must be set as follows. 


HCB: 


T 
Ry 


HCB-1: 


<SIgp (14-9) 
T <I3p (Tap C) 
or 
I 
T < SF (Tap B) (14-10) 


For the system to operate on the minimum line-to-ground 
fault current, the Ro tap is set as follows. 


HCB: 
(14-11) 
HCB-1 with tap R, set on A or B: 

1,7 0.2 T (Tap G) 


or 


I, > 0.1 T (Tap H) (14-12) 
3. 
HCB-1 with tap R, set on C: 
I, > 0.25 T (Tap G) 


or 


I, > 0.12 T (Tap H) (14-13) 


The above criteria refer to the single relay pickup, with the 
relay not connected to a pilot wire circuit. For the HCB-1 
relay, these values are summarized in Table 14-II (phase 


faults) and Table 14-III (ground faults). 


When the relays are connected together in a system, the 
nominal, or system, pickup is: 


(14-14) 
where 


n = the number of terminals, 


and 
I, = the single relay pickup. 


Where the infeed from all terminals is equal, all terminals 
will trip when the total fault current adds up to eee If 
infeed is unequal, the relay with the lowest fault current 
will tend to be more sensitive than the other relays. A 
single-end feed with all breakers closed represents the ex- 


treme case of unbalanced infeed. 


Variance in sensitivity also depends on the pilot wire resist- 
ance and capacitance. Figure 14-4 shows the effect of pilot 
wire resistance on relay sensitivity for a two-terminal line 
with a single infeed. The near relay is the terminal at which 
fault current is flowing; the far relay is the terminal with 
zero fault current. The optimum pilot wire resistance is be- 
tween 625 and 1000 ohms. 


Table 14-II 


HCB-1 Relay Pickup for Phase Faults 
(Single relay without pilot wire) 


Sequence Components | Taps 
in Sequence Criss of - 
Filter Output 3¢ AB 
CA 


Pos., Neg., Zero 
Pos., Neg., Zero 
Neg., Zero 


0.86 
0.90 
1.00 


Table 14-III 


HCB-1 Relay Pickup for Ground Faults 
(Single relay without pilot wire) 


Ground-Fault Pickup 
Multiples of T Tap 


0.25 0.12 
0.20 0.10 
0.20 0.10 
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Figure 14-4: Typical Effect of Pilot Wire Resistance on The 
Minimum Trip Current of a Two Terminal Line. 
(Maximum Restraint Tap and 4/1 Insulating Transformers) 


IV. EXAMPLE OF HCB-1 RELAY SETTING 


The following procedure for setting the HCB-1 relay also 
applies to the HCB relay. With either relay, the taps must 
be identical at all terminals. If the line current transformers 
are not the same ratio, auxiliary current transformers should 
be used to match the secondary relay currents to within 5 
percent. 


In the example below, jhe HCB-1 relay is to be set for a 
two-terminal line with 600:5 current transformers at each 
end, The maximum load current is 400 A, and the mini- 
mum internal fault currents are as follows: 


Amperes through 
Station G 


Amperes through 
Station H 


Three phase 


Phase to Ground 


From the definitions given in Section III above, 


1, = 1500 + 2500 
)) a ar 


= 2000 amperes primary 


= 16.7 amperes secondary 
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= 400 amperes primary 


= 3.33 amperes secondary 


_ 400 + 285 


I, 2. 


= 342.4 amperes primary 
= 2.85 amperes secondary 
IV.A. Phase-Fault Settings 


In this example, the maximum load and minimum three- 
phase fault currentare sufficiently different to allow setting 
the relays to avoid operation on an open pilot wire. The ap- 
propriate tap can be determined from Equations (14-8) and 
(14-10): 


T >4.17 (Tap C) or 2.07 (Tap B) (14-8) 

T <16.7 (Tap C) or 8.35 (Tap B) (14-10) 
Either tap B or C may be used. Tap C is preferred since, as 
shown in Table 14-II, it is more sensitive. Tap 5 should be 


selected to keep tap C between 4.17 and 16.7. With tap 5 
the relay pickup (as given in Table 14-II) will be: 


Single Relay Pickup Nominal Pickup 
(amperes secondary) | Equation (14-14) 
(amperes secondary) 


Three Phase 


Phase AB or 
CA 


Phase BC 


IV.B. Ground-Fault Settings 


Equation (14-13) indicates that, with taps C and 5 selected 
previously, I, must be greater than 0.25 x 5 = 1.25 A for 
tap G, or 0.12 x 5 = 0.60 A for tap H. Since I, is 2.85 A, 
either tap may be used. Tap H, however, provides the max- 
imum sensitivity and is thus preferred. From Table 14-IH, 
the single relay pickup without pilot wire is 0.12 x 5 = 

0.60 A (31g). From Equation (14-14), the nominal pickup 
is 0.60 x 2 = 1.2 A secondary. 


IV.C. Restraint Tap Setting 


The maximum restraint tap should be used for a two-ter- 
minal line, as in the example above. The minimum restraint 
tap should be used only for three terminal lines. 


V. RELAY SYSTEM TESTING 


Load current in the protected line can be used for an instal- 
lation or maintenance test of the complete relay system. 
During these tests, each pilot wire relay terminal can be sup- 
plied with a milliammeter and test switch, allowing measure- 
ment of local pilot wire current, remote pilot wire current, 
and circulating current. A series of six tests is made to ver- 
ify the system connections and to check the relay system 
for proper operation: 


Test 1 - Applies positive sequence current to the relay. 
Test 2 - Applies negative sequence current to the relay. 


Test 3 - Simulates an internal phase-a-to-ground fault, — 
with single-end feed. 


Test 4 - Reverses the terminals used in Test 3. 
Test 5 - Simulates an external phase-a-to-ground fault. 


Test 6 - Simulates an internal phase-a-to-ground fault 
with equal feed from both terminals. 


Tests 1 and 2 indicate whether the relays have been wired 
with correct phase rotation. Tests 3 and 4 determine 
whether both relays will trip for single-end feed faults, 
while Test 6 checks the system for proper operation during 
normal internal faults. Combining the results of Tests 1, 5, 
and 6 will determine whether the pilot is reversed. Test 5 
is also used for detecting rolled phases at one end of the 
line. Careful interpretation of the test results can also help 
to isolate problem areas, should a combination of errors 
occur. 


VI. PILOT WIRE REQUIREMENTS 
VLA. Series Resistance and Shunt Capacitance 
The pilot wire for the relays should comprise a shielded 


twisted pair, preferably of #19 AWG or larger. Pilot wires 
should not have a series resistance or shunt capacitance 


above the values listed in Table 14-IV. If the shunt capaci- 
tance exceeds permissible values, shunt reactors may be 
used for compensation. However, only a limited amount of 
capacitance can be compensated for, depending on the mag- 
nitude of the pilot wire distributed effect. 


Table 14-IV 


Maximum Series Resistance and 
Shunt Capacitance for Pilot Wires 


Insulating Transformer Ratio 


eecae ead 


Number of 
Relays 


ae 
2 2000 1.5 ~ - 
3 500/leg 1.8 1000/leg 0.75 


*Ry = series loop resistance in ohms, which must include 


leakage reactance of neutralizing reactors. 


**Cg = total wire-to-wire shunt capacitance in microfarads. 


For three-terminal line applications, variable resistors are 
used to balance the loop resistance of all legs to within 5 
percent. Balancing resistors are located on the relay side of 
the insulating transformer. Consequently, the pilot wire re- 
sistance to be balanced is divided by 16 for the 4:1 insulat- 
ing transformer and by 36 for the 6:1 transformer. 


VI.B. Extraneous Voltages 


Pilot wires must be protected from extraneous voltages. If 
there are more than 7.5 V across the insulating transformer— 
on either the line or pilot wire side—the relay will trip in the 
absence of load current restraint. Extraneous voltages are 
caused by a rise in station ground potential or by induction 
from power circuits. Inherently, a rise in station ground po- 
tential will affect both wires of the pair in the same way, as 
long as their impedances and their paths to ground are bal- 
anced. By twisting the pilot wire pair, a power circuit will 
induce effectively the same voltage in both wires of the pair. 
These “longitudinal” voltages will not produce a wire-to- 
wire voltage to operate the relays. 


Since the impedance-to-ground of the two wires cannot be 
perfectly balanced, it is desirable to minimize the induced 
voltage—and thus minimize the resulting wire-to-wire volt- 
age. 
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Induction can be effectively limited by shielding the pilot 
wire pairs with a metallic sheath and grounding the sheath 
along the circuit length. During a ground fault on the power 
system, a portion of the fault current will then return to the 
sheath. The current in the sheath will flow in a direction 
that reduces the magnetic field produced by the fault cur- 
rent. Good shielding can reduce the induced voltage by ap- 
proximately 50 percent or more. Note that, since the 
sheath is connected to remote ground, it must be isolated 
from station ground. 


Extraneous voltages are at a maximum during system 
ground faults. For these faults, the zero sequence currents 
in the power system return in the earth or ground, placing 
pilot wire circuits near the power line directly in the field 
(Figure 14-5). Consequently, a mutual impedance, Zy> 
exists between the three-phase power line and the pilot wire 
pair. The fault current multiplied by this mutual impedance 
will result in an induced voltage on the pilot wires. Figure 
14-6 shows the induced voltage on both wires of a twisted 
pair that is not grounded at either end. The value cannot 
exceed the voltage drop in the transmission line, since the 
mutual impedance is always less than the self-impedance of 
the line. 


Generation % 
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Current 


Pilot Wires 


Ground Mat 
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Ground Fault 
Resistance 


Fiux Generated by Fault Current 


= Foult 
~ Current 


Figure 14-5: Diagram of Faulted Transmission Line and Pilot Wire 
Relay Circuits. 


True Earth or Remote Ground 
(Average Earth Potential) 


Figure 14-6: Induced Voltage along a Pilot Wire Pair. 
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As noted above, this induced voltage can be reduced by 
grounding the pilot wire shield to remote ground at both 
ends and along its length, permitting current to flow over 
the pilot wire shield and through ground. Open and un- 
shielded pilot wires are not recommended. 


Another extraneous voltage is the rise in station ground mat 
potential during a ground fault out on the line. Depending 
on the fault location, a portion of the ground return cur- 
rent flows through the resistance between the station ground 
mat and earth, producing a voltage difference. For example, 
a 50,000-A fault current through 0.2-ohm mat resistance 
would cause a 10,000 V rise. 


The pilot wires are referenced to ime earth, via distributed 
capacitance along the pair and its shield, which is normally 
directly connected to ground along its length. As a result, 
the rise of station mat voltage would appear between the 
pilot pair and the shield and ground. This heavy ground re- 
turn current occurs only at stations with a grounded trans- 
former for zero sequence flow. If the shield is connected to 
both remote ground and the station mat, the large currents 
that can flow during the rise will probably melt the shield. 
To avoid this circulating path, the shield or sheath should 
be opened outside the station. A breakdown will occur un- 
less the pilot wire insulation to shield or ground is greater 
than the rise. 


Protection against these two types of extraneous voltages is 
covered in the next section. 


VII. PROTECTIVE DEVICES FOR PILOT WIRES 


In addition to ensuring the safety of personnel and terminal 
equipment, the protective devices used on the pilot wire 
should protect the pilot wire and maintain an operative re- 
laying circuit during operation of protective devices. The 
protective devices must function in the event of extraneous 
voltages caused by 50 or 60-Hz induction, whether from 
power circuits or a rise in station ground potential. Protec- 
tion may also be required for direct contact with power cir- 
cuits and for lightning strikes. In the latter cases, however, 
it is not considered feasible to maintain an operative relay- 
ing circuit. 


Four classes of devices are employed for protection: 


®@ Gaps/arrestors, carbon blocks, and protector tubes 


@ Drainage reactors 

®@ Neutralizing reactors or transformers 

® Insulating transformers. 

VILA. Recommended Protection for 50-60-Hz Induction 


The induced voltage from a neighboring power current can, 
as previously noted, be reduced by permitting a circulating 
current flow. Figure 14-7 shows how a KX-642 gas tube 
and a mutual drainage reactor are connected to the pilot 
wire to reduce the 50-60-Hz induced voltage on the pilot 
pair. This example assumes no station ground rise; all 
grounds shown are connected to station ground. 


The mutual drainage reactor serves two functions. One is to 
force simultaneous firing of both gaps in the gas tube, as 
demonstrated by the voltages shown in Figure 14-7. The 
voltages are shown at the instant the gap fires from point 3 
to ground. Voi and Ve: which are assumed to be equal, 
are the induced voltages to ground of wire 1 and wire 2 at 
the terminal. When the gap from 3 to ground fires, Vel is 
impressed on the 1-3 winding of the reactor. This voltage 
also appears across winding 2-4 in the direction shown. The 
voltage across gap 4 to ground—V,, plus Ver’ or twice the 
induced voltage—forces it to fire at the same time as the 
first gap. 


The second reason for using the drainage reactor is to pre- 
vent the gas tube from shorting the pilot wire to the circu- 
lating 50 or 60-Hz current used for relaying. The drainage 
reactor presents a 24,000-to-48 ,000-ohm impedance to cir- 
culating current and about a 10-ohm impedance for each 
winding-to-ground current. 


Using the mutual drainage reactor for protection against 
station ground rise is not recommended. This reactor has 
low leakage impedance designed for the drainage function. 
The neutralizing reactor described below has a much higher 
exciting impedance, which is desirable for station ground 
rise applications. 


If a mutual drainage reactor is connected to station ground, 
the gas tube will fire during a station ground voltage rise and 
cause 50-60-Hz drainage current to flow. This current will 
raise the pilot wire terminals to station ground potential, 
thus protecting terminal equipment and personnel. The 
drainage current flow reduces station ground potential rise 
along the length of the pilot wire. On the other hand, the 
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Figure 14-7: Application of Mutual Drainage Reactors to Limit Induced Voltage at Station With Negligible Station Ground Rise. 


shield is connected to remote grounds along its length and 
isolated from station ground. Consequently, the pilot wire 
voltage increases along the length of the shield up to station 
ground potential, creating a stress on the wire-to-shield in- 
sulation, which may cause a breakdown. This effect is 
shown in Figure 14-8. 
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Figure 14-8: Typical Pilot Wire Potential Plot When The Drainage 
Reactor is Connected to Station Ground. 


Insulating 


VILB. Protection Against Station Ground Rise 


As shown in Figure 14-9, the neutralizing reactor is con- 
nected in series with the pilot wires. The two small C1 ca- 
pacitors provide a path for magnetizing current to flow 
from station ground to remote ground, via the pilot wire 
distributed capacity. Most of the station rise drop will thus 
be across the neutralizing reactor. The pilot wires will con- 
sequently remain at essentially remote ground potential; the 
insulating transformer side will remain at station mat poten- 
tial. Neutralizing transformers are not required if the insu- 
lation to ground of the insulating transformer and the pilot 
wire is greater than the station mat ground rise. When de 
monitoring relays are applied, however, use of the neutral- 
izing reactor is recommended to ensure that both the relays 
and the personnel servicing them will be at station ground 
potential. 
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Figure 14-9: Application of Neutralizing Reactors for Protection Against High Voltages on The Pilot Pair from The Rise in Station Ground at 
Stations With Negligible 50-60 Hz Induction. 
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Figure 14-10: Alternate Neutralizing Reactor Connections. 


The neutralizing reactor windings are designed to provide a 
low impedance path (220 ohms each unit) to the HCB or 
HCB-1 circulating current. If this impedance in the pilot 
wire loop cannot be tolerated, the alternate connection 
shown in Figure 14-10 may be used. The pilot wires, insu- 
lating transformer, and 10-uF capacitor for this application 
must be capable of withstanding the rise in station ground 
or be isolated from ground by special insulation. In all ap- 
plications, every connection to the pilot wire side of the 
neutralizing reactor must be isolated from personnel. Dur- 
ing ground faults, voltages to the station mat in this part of 
the circuit will be the station rise voltage. 


When a neutralizing reactor is used, as shown in Figures 
14-9 and 14-10, the pilot wire capacitance to ground must 
be at least 1 uF from each wire to ground. If necessary to 
meet this requirement, capacitors must be added on the 
pilot wire side of the neutralizing reactor. 
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The neutralizing reactor, as previously explained, should 
not be applied to protect against 60-Hz induction. Figure 
14-11 shows a complete protection scheme for both 50 or 
60-Hz induced voltage and station ground rise. 


To obtain a remote ground, an insulated conductor can be 
run 200 to 300 feet out from the station and grounded at 
the remote end. 


VIII. PILOT WIRE SUPERVISION 


To detect pilot wire faults, such as open circuits, shorts, and 
grounds, a continuous dc supervision current is applied to 
the pilot wire. A typical arrangement, shown in Figure 
14-12, uses the PM line of monitoring relays. A dc voltage 
of about 20 V is applied across the 10-uF capacitor at the 
source terminal. Depending on the type of source relay 
used, this dc voltage may be derived from the station bat- 
tery or from the station service alternating current. The 
10-uF capacitor, connected to the insulating transformer’s 
center tap, provides a low impedance path for 50-60-Hz cur- 
rent and a high impedance to direct current. This imped- 


ance scheme forces the monitoring current to flow as shown. 


(Figure 14-12). The adjustable resistor (R5) at the receiving 
terminal is used to aéjust the monitoring current to a value 
of lmA. If athree-terminal pilot wire is monitored, the cur- 
rent is adjusted for 1 mA at each of the two receiving ter- 
minals and 2 mA at the source terminal. 
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Figure 14-11: Complete Pilot Wire Protection for Both Induction and Rise in Station Ground Voltages. 
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Note: 


Units Number 1 and 5 are Polar Units in PMD or PMG-13. 
Unit Number 2 is a Polar Unit in PM-2 or PM-23. 


Unit Number 3 is a Polar Unit in PM-13, PMG-13 or PM-23. 
86 - Contacts Initiate Transfer Trip. 


Figure 14-12: Typical Pilot Wire Monitor Circuit. 


VIII.A. Short Circuits 


A complete or partial short circuit on the pilot wire will 
cause a current increase in the source terminal relay. The 
high current contact of polar unit 1 will then close.and 
alarm at 1.3 mA of monitoring current. Short circuits of 
5000 ohms or less will be detected. The short circuit will 
also cause a decrease in current at the receiving terminal, 
dropping out polar unit 2 and causing an alarm at 0.7 mA 
or less. 


VIIIB. Open Circuits 


When the pilot wire opens, the monitor current is reduced 
to zero. The low current contacts on polar unit 1 at the 
source terminal and polar unit 2 at the receiving terminal 
will then close at 0.7 mA or less. 


VIII.C. Reversed Wires 


If the pilot wire is opened and then reconnected in reverse 
polarity, polar unit 2 at the receiving terminal will not pick 
up, causing an alarm. 


VIII.D. Grounds 


Polar unit 5 (Figure 14-12) is used for ground-fault detec- 
tion. The normal monitoring current flowing through the 


two coils cancels out the ampere-turns of each coil. The 
voltage divider circuit (R», R3, and Ry) has its center point 
grounded through a limiting resistor, Rj; A pilot wire 
ground will thus cause an increase of current in one of the 
coils and a corresponding decrease of current in the other 
coil. This unbalance of current flow in the two coils will 
cause one of the contacts on unit 5 to close (depending on 
which wire of the pilot circuit is grounded). These contacts 
will close with a + 0.3-mA unbalance in the two coils, de- 
tecting grounds of 10,000 ohms or less. 


VILLE. Transfer-Tripping 


Polar unit 3, as shown in Figure 14-12, may be used for 
transfer-tripping. Transfer-tripping may be performed from 
any location by applying 48 Vdc to the pilot wire, through 
dropping resistors, in a polarity opposite to that of the mon- 
itoring voltage. Contacts 86 are the protective relay that in- 
itiate a transfer trip. Polar unit 3 will close its contacts and 
trip the breaker when current is increased to 2 mA in the 
reverse direction. A polar unit 3 is applied at all terminals 
to be transfer-tripped. 


Table 14-V shows the various types of PM relays and the 


_ functions they perform. Only one source relay should be 


applied per pilot wire system. 


ra 


14-12 


Table 14-V 


Functions of PM Relays for Source and Receiving Terminals 


Source Terminal Relays Receiving Terminal Relays 


Function | PMA [ee PMA-1 Baka PM-13 | PMG-13 | PM-23 | PM-2 pees ee 
mr 


Monitoring 
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Source 


Receives 
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Trip Signal 
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Trip Signal 
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Current 

Source Xx 
Direct 


Current 
Source 
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I. INTRODUCTION 


To provide high speed clearing of end-zone faults on a trans- 
mission line section, there must be some form of communi- 
cation channel between the line section terminals. This 
communication or pilot channel compares fault conditions 
at the line terminals to determine whether the fault is inter- 
nal or external. In this respect, pilot protection is an exten- 
sion of differential protection. 


There are several advantages to high speed simultaneous 
clearing of faults at all line terminals: 


a. Improved transient stability of the system. 


b. Reduced line damage and the possibility of conductor 
burn-down. 


c. Availability of high speed reclosing, for improved tran- 
sient stability, minimum outage times, or low voltage 
conditions on portions of the system load. 


The pilot channel provides either a blocking signal or a 
tripping signal from one line terminal to another. The block- 
ing signal blocks tripping for external faults only, using 
either directional or phase comparison relaying (see Chapter 
16). The tripping signal trips the remote line terminal for 
internal line faults or, transformer, reactor, etc. faults on 
systems protected by transfer-trip relaying. 


The types of pilot channels available for protective relay- 
ing include: 


a. Power-line carrier, which uses low radio-frequency 
energy transmitted via the power line itself. 


F. Parallel Operation of Transmitters without RF 
Hybrids 

G. Other Applications 

H. Voice Channel over Frequency-shift Carrier 


IV. Audio Tone Channels 


. Type TA3 Tones for Transfer-Trip Application 
Type DIT-1 Tones for Transfer-Trip Applications 
Type TA2.2 Tones for Phase Comparison Relaying 
. Required Channel Delay Characteristics 

Type DIT-4 Digitone System for Segregated Phase 
Comparison Relaying 

F. Wire-line Channel for Audio Tones 


moOOw> 


V. Microwave Channels 
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b. Wire-line (pilot-wire), which uses dc, 50 to 60 Hz, or 


audio-frequency tones applied via a leased or privately 
owned telephone line. 


c. Microwave radio, which uses beamed radio signals, usu- 
ally in the range of 2 to 12 GHz, over line-of-sight paths 
between terminals. The relaying signal may be either a 


sub-carrier or an audio tone. 


Table 15-I 


Comparison of Communication Channels 


Type of |" 
Channel 


Advantages 


Disadvantages 


Power-line 
Carrier 


Wire-line 


Microwave 


Reliable, since channel is 
power line itself. 


Much less susceptible to 
natural or man-made 
hazards. 


Economical for power lines 
too long for wire-line chan- 
nel, 


Convenient maintenance at 
line terminals. 


Economical for a small num- 
ber of channels over a mod- 
erately long distance. 


Channel can extend through 
several line sections for con- 
trol functions. 


Relaying carrier may include| 
maintenance voice channel. 


Economical for short lines. 


Can be used for magnitude 
comparisons. 


Not affected by power-line 
noise. 


Can handle a large number 
of voice and control sub- 
channels over one micro- 
wave channel. 


Power line does not have 
to be taken out of service 
for terminal equipment 
maintenance. 


Limited frequency spectrum 
available in some areas. 


Susceptible to power-line noise 
in some cases. 


Line-voltage coupling and 
current-level traps required. 


Subject to many natural and 
man-made hazards. 


Requires extensive protec- 
tive equipment. 


Initial installation expensive. 


Requires line-of-sight path, 
which may require addi- 
tional land. 


Path attenuation affected by 
weather, which may cause 
severe fading. 


Hot standby set often supplied, 
since many functions are depend- 
ent on common equipment. 


Il. POWER-LINE CARRIER CHANNELS 


IIL.A. Frequency Range 


Power-line carrier generally operates over the band of fre- 
quencies between 30 and 300 kHz. These frequencies 
can be coupled to and transmitted over power lines with rel- 


atively small losses. Below 30 kHz, line coupling becomes 
impractical; above 300 kHz, the line losses are higher and 
radiation into space may interfere with licensed space 
radio services. 


II.B. Modes of Operation 


The power-line carrier signal may use on-off, frequency- 
shift, or single-sideband (ssb) operation. The on-off signal 
is used to block tripping in an unfaulted line section; 
frequency-shift operation is used either for blocking or 
transfer-tripping. When functions are combined on an ssb 
channel, audio tones are used to modulate the carrier, thus 
providing the relaying (and other) intelligence. 


II.C. Line Coupling 


The power-line phase conductor itself, a reliable physical 
circuit, is used to transmit the carrier signal between power 
stations. Most protective relaying carrier channels use 
single-phase-to-ground coupling, which has low attenuation 
(loss) and requires only one set of coupling equipment at a 
line terminal. Phase-to-phase coupling may be used to im- 
prove dependability. It offers a better chance of getting a 
signal through an internal fault when the channel is used 
for a transfer-trip relaying system. For long EHV lines, 
three-phase coupling (mode 3) has been used to minimize 
channel loss. 


ILD. Insulated Static Wires 


Also applied as carrier channels, static wires have been 
used successfully for both voice communications and con- 
trol functions. When static wires are used for carrier chan- 
nels, the insulation level is usually around 7.5 to 15.0 kV. 
These insulation levels give rise to the possibility of insula- 
tor flash-over during a fault, which would greatly attenuate 
the carrier signal and prevent correct relay operation. At 
least one utility has successfully operated conventional 
frequency-shift carrier at 10 watts for both guard and trip 
by using an insulated static-wire channel between stations. 


II.E. Major Carrier Components 
The major carrier components at one terminal of a line sec- 


tion equipped with a power-line carrier are shown in Figure 
15-1. 
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Figure 15-1: Basic Diagram of One Line Section Showing Main Carrier Components for Protective Relaying Channel. 


II.E.1. Line Trap 


The line trap consists essentially of a parallel-tuned resonant 
circuit that presents a high impedance to the operating car- 
rier frequency but a negligible impedance at system fre- 
quency. The line trap serves two functions: 


a. Prevents carrier energy from flowing into the station bus. 
Such a situation would reduce the signal in the desired 
direction and possibly cause interference in neighboring 
carrier channels. 


b. Prevents an external ground fault (F1) behind the pro- 
tective relays from short circuiting the carrier signal on 
the unfaulted line. 


A line trap must be able to carry the specified steady-load 
current and fault current without overheating or suffering 
mechanical damage. Typical current ratings for these con- 
ditions are listed in Table 15-H. 


Table 15-II 


Line Trap Thermal and Mechanical Current Ratings 


Mechanical 
Current Rating, 
Rms Symmetrical 
(Amp.) 


Continuous-current |Two-second Thermal 
Rating, 

Rms Symmetrical 
(Amp.) 


Current Rating, 
Rms Symmetrical 
(Amp.) 


15,000 
20,000 
36,000 
44,000 
63,000 
63,000 
80,000 


Three types of line traps are available: single frequency, 
double frequency, and broad band. Typical carrier- 
frequency impedance characteristics of the three types of 
traps are shown in Figure 15-2. 


II.E.1.a. Single-frequency Traps 


The MS single-frequency line trap (Figure 15-2a) covers 

the 30-to-300-kHz range in four divisions: 30-90, 50-150, 
70-200, and 90-300 kHz. This trap has a minimum imped- 
ance of 400 ohms over a bandwidth of +5% of the center 
frequency (+2% for the 30-to-90-kHz range). Both low- and 
high-Q tuning are available; the high-Q trap is used for a 
single-frequency relaying channel. The low-Q trap, which 
has a lower but relatively constant impedance over a mod- 
erate frequency band, is used for a group of closely spaced 
frequencies. 


IJ.E.1.b. Double-frequency Traps 


The MD double-frequency line trap (Figure 15-2b) covers 
the 30-to-300-kHz range in the same four ranges as the 
single-frequency trap. It may be tuned to any two fre- 
quencies between 30 and 300 kHz, but both the upper and 
lower frequencies must be in the same tuning range. The 
impedance will be greater than 400 ohms over a bandwidth 
of +5% of the center frequency (+2% for the 30-to-90-kHz 
range), provided the upper and lower frequencies are sepa- 
rated by 25 kHz or 25 percent of the upper frequency, 
whichever is greater. Both low- and high-Q tuning are avail- 
able and are applied as for single-frequency traps. 


I.E.1.c. Broad-band Traps 


The broad-band trap presents a moderate but fairly con- 
stant impedance over a wide frequency range and is used to 
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d) Bandwidth Characteristics of The 0.265 mH Field 
Adjustable Wide Band Line Trap 50-205 kHz. 
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Figure 16-2: Typical Line Trap Characteristics. 
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b) Typical Impedance Values 112 and 150 kHz Double 
Frequency Type MD Traps. 
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e) Bandwidth Characteristics of The 0.265 mH Field 
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c) Typical Impedance Values IZ! and Resistive 
Component R for Fixed Type MW Traps (0.265 mH). 
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f) Upper and Lower Frequencies vs Geometric Mean 
Frequency (0.265 Millinenry Factory Adjusted 
Type MWA Trap) 


Geometric Mean Frequency, kHz 


h} Upper and Lower Frequencies vs Geometric Mean 
Frequency (1.590 Millinenry Factory Adjusted 
Type MWA Trap). 


Frequency, kHz 


i) Typical Impedance vs Frequency (1.590 Millihenry 
Factory Adjusted Type MWA Trap). 


isolate a group of widely spaced carrier frequencies from a 
station bus. There are three varieties of broad-band traps: 
fixed, field adjustable, and factory adjusted. These cover 

a wide range of applications: 


1, Fixed 90-200 kHz Type MW Trap - for applications in 
the 90-200 kHz range where a 400-ohm trap impedance 
(0.265 mH) is adequate. The characteristics are shown 
in Figure 15-2c. This trap is not adjustable. 


2. Field-adjustable Type MWA Traps - for applications in 
the 50-205 and 100-300 kHz frequency bands with im- 
pedance levels of 600, 750 or 1000 ohms at moderate 
bandwidths. Typical characteristics are shown in Fig- 
ures 15-2d and 15-2e. This trap has a 0.265-mH main 
coil, 


3. Factory - adjusted Type MWA Traps - for applications 
involving wider frequency bands and higher trap imped- 
ance levels than are available with the field adjustable 
traps. Typical characteristics of two of these traps are 
shown in Figures 15-2f through 15-2i. These curves 
show that, for a given geometrical mean frequency 
(GMF), the bandwidth at a desired impedance level 
increases with the increase in main oil inductance. 

The inductance range is from 0.265 to 1.590 mH. 


A typical example of the tuning of a Type MWA trap is 
shown in Figure 15-2f, where a GMF of 154 kHz is chosen 
for a 0.265-mH line trap. A minimum impedance (Ro) of 
600 ohms gives an upper frequency (Fy) of 198 kHz and 

a lower frequency (FL) of 118 kHz. The corresponding 
curve of impedance versus frequency (Figure 15-2g) shows 
both the impedance and resistive components, Z and R, 
respéctively. The bandwidth, Fy ari or 198-118 kHz, is 
80 kHz. 


II.E.2. Coupling Capacitor 


The carrier signals are coupled to the power line by the 
coupling capacitor, C.. This unit, a series of stacked capac- 
itors mounted inside porcelain insulators, has a capacitance 
on the order of 0.002 to 0.02 uF, depending on system ac 
voltage and potential burden requirements. Standard cou- 
pling capacitor ratings are listed in Table 15-III. 


I1.E.3. Drain Coil 


The drain coil, mounted in the base of the coupling capac- 
itor, provides a low-impedance path for the flow of power- 


Table 15-Il 


Coupling Capacitor Ratings 


Capacitance (uF) 


System 
Alternative Current Voltage (kV) 
(line-line) 


PCA-S PCA-7 


0.025 
0.021 
0.018 
0.012 
0.008 
0.006 
0.00376 


frequency current through the capacitor to ground, thus 
minimizing the system-frequency voltage developed from 
point X to ground (Figure 15-1). At carrier frequencies, on 
the other hand, the drain coil has a high impedance, mini- 
mizing r-f losses to ground at this point. The carrier loss 
introduced by the drain coil does not exceed 0.5 dB. 


II.E.4. Line Tuner 


Applied in conjunction with the coupling capacitors, the 
line tuners (Figure 15-1) provide an impedance match with 
low losses between the coaxial cable and the transmission 
line. Both resonant and broad-band line tuners are used. 
Two types of resonant tuners are available: single fre- 
quency and double frequency (Figure 15-3). In the single- 
frequency tuner (Figure 15-3a), the inductive reactance of 
L1 cancels the capacitive reactance of the coupling capaci- 
tor C, and isolating capacitor C.at one frequency, thus 
providing a low-loss coupling circuit for the carrier- 
frequency energy. The transformer (T1) matches the im- 
pedance of the coaxial cable to the surge impedance (Zo) 
of the power line. 


The two-frequency resonant tuner (Figure 15-3b) provides 
low-loss coupling at two separate frequencies from a single 
coaxial cable to the power line. The two-frequency tuner 
shown in Figure 15-3c is used for isolating two different 
sets of carrier equipment. The path from each coaxial 
cable includes a matching transformer, (T1 or T2) tuning 
inductance, and a trap circuit tuned to the other carrier 
frequency. In both cases, the isolating capacitor, C, pre- 
vents the system-frequency current (50 or 60 Hz) from the 
coupling capacitor from flowing through the tuning coil 
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Figure 15-3: Schematic Diagram of Single and Double Frequency 
Resonant Line Tuners. 


and matching transformer. Such a current flow might mask 
the relatively small carrier-frequency current. 


For the two-frequency tuners, the minimum frequency 
separation is 25 percent of the lower frequency. Frequency 
response curves of the single- and double-frequency line 
tuners are shown in Figure 15-4. 


Where more than two frequencies are coupled to a power 
line, a wide-band coupling device known as a Hi-Coupler is 
used in place of a resonant tuner. The Hi-Coupler is a high- 
pass filter (Figure 15-5) in which the coupling capacitor 

(C ) serves as part of the filter. The filter is terminated by 
the line impedance Zo: Radio-frequency hybrids or series 
L-C circuits, which are part of the associated transmitter 
output filters (Figure 15-5a), are used to isolate channel 
equipment connected to the coaxial cable. The frequency 
range of the Hi-Coupler is 40 to 300 kHz. The capacitance 
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b) Response Curves of JZ 72.6 Two Frequency Tuner. 


Figure 15-4: Typical Frequency Response Curves of Single and Double 
Frequency Resonant Line Tuners. 


of the coupling capacitor should be 0.002 wF or higher. 
Figure 15-5c shows the Hi-Coupler insertion loss character- 
istics. 


I1.E.5. Coaxial Cable 


Low-loss concentric cable is used to connect the line tuner 
and the carrier transmitter-receiver assemblies. Type 
RG8/U coaxial, recommended for this purpose, has a char- 
acteristic impedance of 52 ohms and an attenuation of 
about 0.4 to 0.9 dB/1000 ft, increasing gradually over the 
30-to-300-kHz frequency range (Figure 15-6). The coaxial 
cable is generally grounded at the terminal equipment end 
only to prevent system-frequency 50 or 60 Hz current 
from flowing over the coaxial cable shield during a ground 
fault. If both,ends of the coaxial cable shield must be 
grounded to improve the shielding effect, a 4/0 copper 
cable should be run in the same duct to interconnect the 
ground points at the two ends of the coaxial cable. This ar- 
rangement will eliminate the possibility of current burning 
the coaxial cable shield open in the event of a ground fault. 
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c) Hi-Coupler Insertion Loss for a 500 Ohm Load. 


Figure 15-5: Schematic Diagram, Equivalent Circuit Typical Response 
Curve for a Hi-Coupler Unit. 
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Figure 15-6: Attenuation of RG-8/U Coaxial Cable at Carrier Frequencies. 
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ILF. Power-line Characteristics 


Carrier frequencies exceed power frequencies by a factor of 
1000 or more. Asa result, a transmission line’s response to 
carrier frequencies will be appreciably different from its re- 
sponse to power frequencies. At 50 or 60 Hz, all power 
lines are electrically short. At carrier frequencies, however, 
most lines are several wavelengths long because of the much 
shorter wavelength of the higher frequencies. 


The relative efficiency of power- and carrier-frequency 
transmission also differs significantly. Although the con- 
ductor size is relatively large on transmission lines, the 
carrier-frequency energy flows mainly on the surface of the 
conductors. This skin effect increases with higher frequen- 
cies. Other factors influencing the carrier losses include 
shunt leakage losses, conductor spacing, radiation, and 
ground resistance. 


In carrier application work, the transmission characteristic 
of a system (or channel) can be conveniently considered in 
terms of attenuation—the decrease in power level along a 
transmission line. The ratio between the voltages, currents, 
or power at any two points is a measure of the attenuation 
between these two points. Losses expressed in these ratios, 
however, cannot be added to give the total loss but must be 
multiplied. It is more convenient to express losses in dec- 
ibels (dB), which can be added directly. Decibels are de- 
fined as follows: 


P 
i 

dB = 10Log,, —— (15-1) 

10 

P, 
vi 

dB = 20Log,9 — (15-2) 
Vo 
I; 

dB = 20L08) 9 > (15-3) 
2 


Equations (15-2) and (15-3) are valid only if the impedance 
levels of the circuits are identical where the two voltages or 
currents are measured. 


Various power and voltage or current ratios, with the corre- 
sponding dB values, are listed in Table 15-IV. 


Table 15-IV 


Power, Voltage or Current Ratios, and 


Decibel Equivalents 
Voltage or Decibels 
Power Ratio Current Ratio (dB) 


1.26 1.12 
1.58 1.26 
2.00 1.41 


4.00 
10.00 
100.00 


2.00 
3.16 
10.00 


1000.00 31.60 
104 100.00 
10° 316.20 
106 1000.00 
108 104 


Another term widely used in the field of communications 
is dBm, a level of dB relative to one milliwatt. Thus, a 
power level of one milliwatt is zero dBm. Other power 
levels in watts and dBm are: 


Watts dBm 
10.0 +40 
1.0 +30 
0.1 +20 
0.01 +10 
0.001 (1 mW) 0 
0.0001 ~10 
0.00001 ~20 


Most zlectronic voltmeters are calibrated in dB relative toa 
zero-voltage reference level that would produce one milli- 
watt of power with a 600-ohm load. Most carrier signal 
levels, however, are measured across a coaxial cable of 50- 
to-70-ohm impedance level. Assuming a 60-ohm coaxial 
cable impedance, 10 dB must be added to the scale dB value 
to give a true dBm reading. Assuming a 50-ohm coaxial 
cable impedance, 10.8 dB (11 dB is usually close enough) 
would have to be added. Similarly, for a 70-ohm imped- 
ance, 9.34 dB would have to be added. 


For example, a 10-W (+40-dBm) transmitter will develop 
24.5 V rms across 60 ohms. A voltmeter calibrated in dB 
for a 600-ohm impedance will read +30 dB. To obtain a 
true dBm value, 10 dB must be added to the scale reading, 


giving +40 dBm. To avoid confusion, actual scale readings 
should be recorded, and the values converted to true dBm 
later. 


IL.F.1. Line Attenuation 


As indicated above, line attenuation depends on a number 
of factors. Higher voltage lines usually have a lower loss, 
since the longer insulator strings reduce carrier leakage and 
dielectric losses in the insulation. The use of bundled con- 
ductors on EHV and UHV lines also reduces the series re- 
sistance loss. 


Typical fair-weather losses for transmission lines from 34.5 
kV to 765 kV are shown in Figure 15-7. As indicated in 
Table 15-V(a), foul-weather losses are estimated by adding 25 
percent to the values shown for lines 230 kV or higher, and 
50 percent for lines less than 230 kV. The corrections for 
transpositions are shown in Figure 15-V(b). Overall system 
losses, discussed later in this chapter, can be determined 
using these tables. 


Table 15-V(a) 


Correction for Foul Weather 


Table 15-VI 


Coupling Correction for 
Two Terminals - in dB 


Type of Coupling* | >50-mi 
Line 


Mode 3 -2 
Center-to-Outer 
Phase 
Center-to-Ground 
Al or Cu and Wire 
Steel and Wire 
Outer-to-Outer 
Phase (Push- 
Push Op.) 


34-138 kV|Add 50 percent 


230-765 kV|Add 25 percent 


Table 15-V(b) 


Transposition Correction 
in dB for 345 kV & higher 


Number 


Use linear interpolation *Unused phases assumed to 


to determine loss be at r-f ground potential. 


between limits. 
II.F.2. Characteristic Impedance 


Another important line characteristic for carrier is charac- 
teristic impedance, or input, impedance of an infinitely 

long line for a given design. If a line of finite length is termi- 
nated in its characteristic impedance, there will be no energy 
reflected from the termination when an ac signal is applied 
to the line. That is, the characteristic impedance, designated 
Zo> is the ratio of the applied voltage to the resulting cur- 
rent, flowing into the line. Carrier terminals and line coup- 


Attenuation - dB per Mile 


fe} 30 50 100 150 200 250 300 
kHZ 


a) Typical Attenuation Curves for Power Lines at 34.5, 115, 345 and 765 KV. 


Note: 


For Related Conditions Affecting Attenuation, See Tables 15-V (a), (b) and Table 15-Vi 
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Attenuation - dB per Mile 


fe} 30 50 100 150 200 250 300 
kHZ 


b) Typical Attenuation Curves for Power Lines at 69, 138, 230 and 500 KV. 


Figure 15-7: Line Attenuation vs Carrier Frequency for Different System Voltages. 


ling equipment must be matched to Zo for best power 
transfer. 


Table 15-VII indicates the range of characteristic imped- 
ance values for a vaviety of lines. 


Table 15-VII 


Range of Characteristic Impedances of 
Power-line Carrier Circuits 


Transmission-line 
Conductor, Each 
Phase Phase-to-Ground Phase-to-Phase 


Characteristic Impedance (ohms) 


Single 350-500 650-800 
Bundled (two wires) 250-400 500-600 
Bundled (four wires) 200-350 420-500 


IL.F.3. Power-line Noise 


The main factor limiting the allowable attenuation on a 
power-line carrier channel is the noise level of the line itself. 
Receiver filters will accept a fraction of the total noise volt- 
age, yielding a certain signal-to-noise ratio (rms-signal-to- 
average noise). The channel becomes unsatisfactory when 
this ratio drops below a designated value, about 20 dB for 
on-off carrier relaying and as low as 10 dB for frequency- 
shift carrier. 


Most power-line noise consists of a mixture of impulse and 
random noise, in which impulse noise predominates and 
random noise occupies the spaces between the pulses. (Im- 
pulse noise consists of sharp, well-separated pulses caused 
by specific electrical discharges; random noise has a contin- 
uous spectrum.) The average value of line noise is the meas- 
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ure of its interfering properties with a function such as pro- 
tective relaying. 


Figure 15-8 shows typical fair- and foul-weather average 
noise levels at 230 kV in a 3-kHz bandwidth. The dBm fig- 
ures are based on a reference level (zero dBm) of one milli- 
watt. For convenience, a millivolt scale is also included. 
These curves, based on field data and calculated values from 
several sources, show that noise decreases with increasing 
frequency. This phenomenon partially compensates for the 
increase in line attenuation at the higher frequencies. 


Foul Wea 


Average Noise Level dBm 
t 
a 
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Figure 15-8: Typical Average Noise Levels on a 230 kV Line in a 
3 kHz Bandwidth. (For Other Conditions, Refer to 
Tables 15-VIII and 5-1X.) 


To determine line-noise levels at other system voltages, the 
appropriate correction factor (Table 15-VIII) must be 
added ¢# the value read from the curve in Figure 15-8. In 
this way, the line noise in a 3-kHz band at any carrier fre- 
quency and line voltage can be estimated. 


The average noise power accepted by a carrier receiver is 
proportional to its bandwidth. For a receiver in the stand- 
ard type TC carrier set, for example, the noise response will 
be 3 dB less than the values given in Figure 15-8, since the 
TC receiver has a 1500-Hz bandwidth. The correction fac- 
tors for receivers of different bandwidths are given in Table 
15-IX. 


For example, the expected foul-weather noise level at 100 
kHz on a 500-kV line is calculated as follows for a type 
TCF wide-band receiver. 


Table 15-VIII 


Correction Factor for Other Line Voltages 


Voltages Correction Factor 
(kV) (dB) 


66-115 
138-161 
230 
345* 
500* 
765* 


*bundled conductors 


Table 15-IX 


Correction Factor for Other Receiver Bandwidths 


Bandwidths Correction Factor 
Receiver (Hz) (dB) 


Standard TC 
Narrow-Band TC 
Wide-Band TCF 
Narrow-Band TCF 


From Figure 15-8: 


Average noise level at 100 kHz =-~-17 dBm 
From Table 15-VIII: 

Correction factor for 500-kV line voltage = +5 dB 
From Table 15-IX: 

Correction factor for receiver bandwidth = -8 dB 
Therefore, 

Total noise level accepted by receiver =-20 dBm 


The attenuation and noise level values given here, although 
typical of field values, are intended only as a guide. Spe- 
cific line values may show some deviation for any number 
of reasons: the age of the line, type of line construction, 
conductor size, transpositions, insulator leakage, ground 
wires, ground conductivity, weather conditions, and the test 
setup. The accuracy of the attenuation and noise level fig- 
ures is sufficient to determine the type and rating of carrier 
terminal equipment required for a given application. 


IL.F.5. Fault-generated Noise 


It is highly improbable that electrical “noise” generated 
during an arcing fault on a transmission line will produce 
spurious receiver output to prevent correct relay operation 
in a blocking system. A large, high frequency, narrow-band 
noise voltage is generated at the inception of a line fault and 
lasts from 1.5 to 4 ms. Also, there is usually a low-level 
noise burst, lasting a cycle or so, just as a fault is being 
cleared by a circuit breaker. The fault arc causes no appre- 
ciable noise if the fault current is more than 200 Amp. 
Rather, the line noise during a fault may be less than pre- 
fault line noise because of the reduced line voltage. As 
many years of field experience have demonstrated, there is 
negligible danger of fault arc noise causing an incorrect op- 
eration in blocking systems. 


IL.G. Tapped Lines 


Tapping a two-terminal line to supply a load center is com- 
mon practice, as is designing a transmission line with three 
terminals. The tap presents no transmission problem at 50 
or 60 Hz. A long tap will present no particular problem, 
provided it is not an integral multiple of one-fourth the 
wavelength (A/4) at the carrier frequency being used. There 
will be an impedance discontinuity and a division of the 
carrier energy at the tap, resulting in a loss of about 3.5 dB 
in signal level. A tap that is an odd-quarter wavelength 
long and has low attenuation may, however, cause severe 
carrier attenuation. 


II.G.1. A Quarter-wavelength Line 


A quarter-wavelength line acts as an impedance transformer. 
If the line has negligible loss, the relationship between input 
and terminating impedance is: 


2 
gous 


(15-4) 
Lr 


in 


where, Zr is the terminating impedance, and Zo is the char- 
acteristic impedance of the line. 


Thus, if the tap is not terminated (Zy = c°), the input im- 
pedance will be zero. 


Most 10-W carrier transmitters present a “reverse imped- 
ance” of at least three and one-half times the rated output 
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load impedance (60 x 3.5 = 210 ohms). With this termina- 
tion on the far end of the tap, the input impedance of the 
tap where it joins the main line will be very low. 


From Equation (15-4), Zin equals (60)2 divided by 210, or 
17 ohms, referred to the 60-ohm coaxial cable impedance 
level or base. This low 17-ohm impedance, which effec- 
tively shunts the normal 60-ohm line impedance at the tap 
point, will introduce excessive attenuation. The longer the 
resonant tap line, the higher its own attenuation will be, 
and the less severe its shunting effect on the carrier signal. 
This relationship is shown in Figure 15-9. If the tap is long 
enough to have an appreciable attenuation—5 dB or more— 
its added reflection loss will be moderate. A different car- 
rier frequency should be used, however, if the resonant tap 
line has a low loss and must be part of the carrier path. The 
above comments also apply to short, two-terminal line sec- 
tions that are an odd quarter-wavelength long. 
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Figure 15-9: Added Reflection Loss Caused by Tap Line Which is Odd 
Quarter Wave Length Long, as a Function of The Normal 
Tap Line Loss. 


15-12 


I1.G.2. A Half-wavelength Line 


A half-wavelength line, or any integral multiple of 4/2, 
which also has low loss, will have an input impedance equal 
to the terminating impedance. Thus, if such a line tap or 
section is terminated with a 10-W carrier set, its input im- 
pedance will be around 200 ohms. This impedance mis- 
match (from 60 ohms) will limit the amount of power that 
can be fed into the line and will generally cause a substan- 
tial mismatch loss, 


11.G.3. Rules for Short Overhead Lines or Line Taps 


a. Avoid frequencies for which the electrical lengths are 
low multiples of A/2 or A/4 and have a normal attenua- 
tion of less than 5 dB, or 3 dB if other channel losses 
are moderate. 


b. If possible, use frequencies that correspond to an odd 
eighth-wavelength on lines with low attenuation. While 
the input impedance to such a line will be reactive, its 
absolute magnitude will be equal to the characteristic 
impedance (Zo) of the line. Suitable line-tuning equip- 
ment can cancel the reactive component. 


c. In extreme cases, a short line or tap may be partially 
terminated with a resistive load in order to present a 
reasonable load impedance to the carrier equipment. 
While this arrangement will cause some energy loss, such 
a procedure is needed only on lines of very low normal 
carrier losses, leaving ample margin for other losses. 


IL.G.4. Calculation of Wavelength 


The wavelength of a given carrier frequency on an overhead 
transmission line may be calculated as follows: 


x = (186.3) (VP) 


(15-5) 
fkHz 


where, 
X= wavelength (mi) 
fHz = carrier frequency (kHz) 
VP = correction factor where propagation is 


less than the speed of light. (For over- 
head lines, a VP of 0.98 may be used.) 


Using Equation (15-5), the A/4 and A/2 distances for a few 
representative frequencies are: 


f(kHz) d/4 (mi) d/2 (mi) 
30 1.52 3.04 
60 0.76 1.52 

100 0.456 0.913 
200 0.228 0.456 
300 0.152 0.304 


Figure 15-10 shows resonant overhead line lengths in the 
carrier band for resonant lengths from 1/4 to 21/4 wave- 
lengths. 
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Figure 15-10: Resonant Frequency vs Length in Miles for Open Ended Tap 
on Overhead Line. 


II.H. Carrier on Power Cables 


Power cables are often used for transmission circuits in 
large metropolitan areas and near airports, where overhead 
lines are undesirable. The application of carrier to power 
cables presents two major problems: low surge impedance 
(Zo) and high attenuation to carrier frequencies. Typical 
values for these two quantities are shown in Figure 15-11. 
Cable manufacturers should be able to supply information 
on carrier losses, surge impedance, and velocity of propaga- 
tion (VP) for their cables. 


Because of the relatively high attenuation, cable applica- 
tions of carrier are usually restricted to the low frequency 
end (30 to 70 kHz) of the carrier spectrum and to relatively 
short lines. Also, since the surge impedance of a power ca- 
ble is on the order of 25 ohms (Figure 15-11), special line 
tuners with step-down matching transformers are needed to 
match the 50-to-70-ohm impedance of the coaxial cable to 
the lower impedance, Zo; of the power cable. Large capaci- 
tance values in the coupling capacitor are recommended to 
minimize coupling losses and tuning inductance. Even with 
these coupling capacitors, however, coupling losses into 


power cables may be on the order of 3 to 5 dB for single- 
frequency tuners; double-frequency tuners would have still 
higher losses. The low surge impedance of power cables 
makes broad-band tuners impractical for such applications. 
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Figure 15-11: Phase-to-Ground Attenuation and Surge Impedance of 138 
to 345 KV Pipe Type Power Cable. 


1.1. Combined Cable-Overhead Line 


One of the most difficult carrier applications is for a line 
section that is part power cable and part overhead line (Fig- 
ure 15-12). The major problem is resonance of the over- 
head line section; resonance of the cable section is a lesser 
problem because of its higher attenuation. The reflected 
waves will not present a problem if the attenuation of each 
section is 4 to 5 dB or more. If the attenuation is lower, 
frequencies should be selected so that line sections are not 
resonant lengths (low multiples of odd or even quarter- 
wavelengths). ; 
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Figure 15-12: Line Section With Part Cable and Part Overhead Line. 


The electrical lengths of the two sections can be determined 
from Equation (15-5), using a VP factor of 0.98 for the 
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overhead section and a VP factor supplied by the manufac- 
turer for the cable section. If the manufacturer cannot sup- 
ply a VP factor, 0.45 may be used. (For power cables, the 


‘VP factor is usually in the range of 0.4 to 0.55.) Input im- 


pedance for an overhead section with low attenuation will 
vary significantly with frequency, since the electrical length 
corresponds to odd or even multiples of a quarter- 
wavelength. Because of the higher attenuation, input im- 
pedance of the power cable will vary less significantly with 
frequency. 


Typical values for quarter- and half-wavelengths in power 
cable are listed below for several carrier frequencies. These 
values are based on a VP factor of 0.45. 


f(kHz) d/4 (mi) d/2 (mi) 
30 0.7 1.4 
60 0.35 0.7 
90 0.233 0.466 


In applying carrier on power cable, the following rules 
should be observed: 


a. Avoid frequencies for which the electrical length is \/4. 
For higher multiples, the cable attenuation will usually 
minimize reflected waves. 


b. Frequencies around A/2 are desirable for more efficient 
coupling, since the reflected impedance will usually be 
higher than 20 to 30 ohms. 


c. Frequency selection is not critical if the cable loss is at 
least 4 to 5 dB. 


Assuming that the input impedance of each section—cable 
and overhead—differs only slightly from its characteristic 
impedance, the mismatch loss at the junction may be deter- 
mined from the following equation: 


Z,+ Zz, 
dB (loss) = 20Log| ——~—== 


2VZ,Z> 


(15-6) 


where, 
Zi = impedance of overhead line 


Zz, = impedance of power cable 
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Assuming Z, and Z5 equal 500 ohms and 25 ohms, respec- 
tively, then from Equation (15-6), the mismatch loss at the 
cable-overhead junction in Figure 15-12 is: 


500 +25 
dB (loss) = 20Log ( 2 = 
aepon joae (<a05 x 4 


= 7.41 dB 


Had the cable section been located near the middle of the 
line instead of at one end, there would have been a loss of 
7.4 dB at each of the two junction points. 


Removing the junction from the carrier path of a combined 
cable-overhead line eliminates both the mismatch and re- 
flection losses. The choice of frequency is no longer criti- 
cal. In this arrangement, a line trap is inserted at the junc- 
tion point and a carrier bypass provided around the trap. 
The carrier bypass consists of two coupling capacitors and 
two line tuners with suitable impedance matching trans- 
formers for both the overhead line and the cable. 


IL.J. Power Transformers at Carrier Frequencies 


Step-down transformers are often connected at tap points 
along a power line to supply loads at lower voltages. A 
series of tests by Specht and Cheek showed that, in most 
cases, the impedance of a power transformer is generally 
capacitive in the carrier band, with values in the range of 
$00 to 2500 pF and with an average Q of 18.7. A trans- 
former bank tapped onto a power line thus presents an im- 
pedance discontinuity at carrier frequencies, which causes 
reflection losses. 


Figure 15-13,shows the reflection losses introduced by vari- 
ous shunt capacitances into a transmission circuit with 800- 
ohm characteristic impedance. A characteristic impedance 
of 800 ohms represents the highest characteristic impedance 
usually encountered on transmission lines. The curves can 
be used for any application by altering the capacitance in 
inverse proportion to the characteristic impedance of the 
line. For example, the loss at a given frequency from a 
2,000-uyF shunt capacitance in a circuit with a 400-ohm 
characteristic impedance is the same as that shown for a 
1,000-yuF shunt capacitance with an 800-ohm characteris- 
tic impedance. 


The shunt capacitances of some power transformers may 
present serious discontinuities in otherwise clean carrier 
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Figure 15-13: Refection Losses Resulting from Shunt Capacitive 


Discontinuities in Transmission Circuit With 800 Ohms 
Characteristic Impedance. 


circuits, particularly those circuits operating at the higher 
carrier frequencies. High voltage autotransformers may ex- 
hibit resonance at frequencies within the carrier spectrum, 
particularly at the lower end. In other words, autotrans- 
formers may present shunt inductive or capacitive reactance 
at low carrier frequencies. 


Between high and low voltage circuits of power transform- 
ers, the attenuation to carrier frequencies is generally very 
high. At specific frequencies, however, it may be insuffi- 
cient to permit a power transformer to be used as a block- 
ing device over the entire carrier band. Autotransformers, 
in particular, are generally unsuited for broad-band block- 
ing. 


In all situations, the characteristics of power transformers 
in a carrier transmission circuit must be considered very 
carefully, especially when higher frequencies are used. In 
extreme cases, particularly where more than a single bank 
of transformers is present at a given location, it may be ad- 
visable to install a line trap to isolate the low resultant 


shunt reactance from the carrier path. For such an applica- 
tion, a low-Q trap setting is recommended. This setting 
will guard against the series resonance to ground that may 
occur between the inductive reactance component of a res- 
onant line trap, just below its tuned frequency, and the 
transformer capacitive reactance it is intended to isolate. 
The resistive component of the low-Q trap will prevent se- 
rious loss of carrier energy at the series-resonant frequency 
of the transformer-trap combination. 


A similar situation exists when a transmission line is termi- 
nated in a transformer bank without a line-side circuit 
breaker. Here, again, series resonance may occur between 
the line trap and the transformer capacitance, just a few 
kHz below the channel frequency. The low-Q connection 
of the line trap is again recommended, for the same reason 
as given above. 


II.K. Modal Analysis 


For many years, the application of power-line carrier was 
empirical. Lines were relatively short, and attenuation was 
usually well within the dB rating of the transmitter and re- 
ceiver. Line attenuation was measured after the equipment 
was installed, if at all. Occasionally, inexplicable anomalies 
were noted. Often, utilities discovered that a carrier chan- 
nel was coupled to two different phases at opposite ends of 
the line, and that this combination gave the best received 
signal level. It was also noted that the rate of attenuation 
(dB/mi) on a short line was apparently higher than ona 
long line. At the time, these observations were simply ac- 
cepted and used. 


With the introduction of long EHV lines, however, it be- 
came necessary to predict carrier performance accurately, 
even before the lifie was built. Modal analysis provides such 
an approach. It is a mathematical tool similar to the sym- 
metrical components technique used for analyzing unbal- 
anced faults on three-phase power systems at 50 or 60 Hz. 
Like its power counterpart, modal analysis is a practical 
system whose components or ‘‘modes” can be electrically 
generated and measured separately. 


If a given carrier-frequency power were applied to a single- 
conductor line, the power level would decrease exponen- 
tially with distance. At a distance of about 10 miles, ap- 
proximately 1 percent of the input power would be pres- 
ent. Such a system would obviously be impractical for a 
power-line carrier channel. If the same input power were 
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fed into only one phase conductor of a three-phase hori- 
zontal line, however, the 1-percent signal can be obtained 
from any of the phase conductors at a distance of about 
250 mi. Thus, it is apparent that, even though only one 
conductor is energized, the two other phase wires play an 
important part in the propagation of the carrier energy. In- 
deed, modal theory is based on the premise that there are 
as many independent “modes” of propagation on a multi- 
conductor line as there are conductors involved in the prop- 
agation of energy. 


There are five characteristics of natural modes: 


a. Any set of phase-conductor currents or voltage’ existing 
at any point on a lossy, reflection-free three-phase line 
can be resolved into three sets of natural-mode compo- 
nents. 


b. At any point on a line, the mode components must add 
up to the actual phase quantities. Also, the total power 
derived from phase currents and voltages must be equal 
to the sum of mode powers. 


c. The ratio of mode voltage to mode current (the “mode 
characteristic impedance”’) is constant on each phase 
conductor. 


d. Each mode propagates with a specific attenuation per 
unit length and a specific velocity of propagation. 


e. Aset of phase components corresponding to one mode 
only cannot be resolved into other modes. The modes 
are independent, and there is no inter-mode coupling on 
a uniform line. 


There are three modes of propagation. Mode 1 is a high- 
attenuation mode which is propagated on all three phases 
with ground return. Because of its high attenuation, mode 
1 can be neglected beyond about 10 miles from the trans- 
mitter. 


Mode 2 is a medium-attenuation mode that is propagated 
on one outside phase and returns on the other outside 
phase. There is no mode 2 current in the center phase. 
Mode 2 losses are higher and more frequency-dependent 
than mode 3 losses. 


Mode 3 is the least attenuated of the three modes, and 
makes carrier channels possible on long EHV lines. The en- 
ergy is propagated on the two outer phases and returns on 
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the center phase. Mode 3 attenuation is the lowest, and 
the least frequency dependent.* 


I1.K.1. Modal Quantities on an EHV Three-phase Line 


Modal analysis has been most generally applied to a hori- 
zontally spaced, single-circuit, three-phase EHV line with 
two overhead static wires (Figure 15-14). Grounded at each 
tower, the static wires do not generate any transmission 
modes. The three modes present on such a system are 
shown in Figure 15-15. Coefficients q and p are the center- 
phase mode coefficients for modes 1 and 3, respectively, 
and depend on the line under study. The value of gq will 
vary from about 1.1 to 1.3; p can range from about -1.6 to 
-1.9, Modal calculations and field tests on a 40-mile, 
§00-kV line, provided with reflection-free termination as in 
Figure 15-16, gave the p and q values and mode impedance 
values listed in Table 15-X. 


Values of attenuation coefficients and relative phase veloc- 
ity for the three modes are shown in Table 15-XI. Data 
shown are for lines from 345 to 765 kV. 


b 


Bundle Conductors 


Figure 15-14: EHV Line Construction to Which Model Analysis Has Been 
Most Generally Applied. 


Table 15-X 


Results of Modal Analysis 


Mode 2 Mode 3 
12)  Va(2)|!ac3y OF Yac3) 


Mode 1 
Thay & Yay] 


1.0 
b 1.206 (q) 
c 1.0 


Mode Im- 
pedances 
(ohms) 


*Many early papers on modal analysis reversed the definitions of 
modes 1 and 3. The present designation is consistent with usage in 
other countries and with general modal theory. 


Table 15-XI 
Mode Attenuation and Phase Velocity 


Attenuation Phase Velocity 


(dB/mi) 


Relative to Mode 3 


30 kHz 300 kHz 
0.01-0.03 0.07-0.09 
0.09-0.1 0.4-0.5 

1.5 to 3.0 at 100 kHz 


Figure 15-16: General Reflection Free Termination for Three-Phase 
Transmission Line. 


II.K.2. Simplified Graphic Representation of Modes 


Modal analysis is a mathematical procedure in which matrix 
algebra is used to determine modal quantities. Calculations 
are very complex and are usually made with the aid of a 
digital computer. 


A simpler, but reasonably accurate, graphic representation 
of modes and the resulting phase quantities can be obtained 
if the following assumptions are made: 


a. The surge impedances for all phases and modes are the 
same. 


b Effect of frequency will not be considered. 


c. Instantaneous currents (phase or modal quantities) in 


the three phases are either in phase or 180° out of phase. 


Under these assumptions, the basic modes are as shown in 
Figure 15-17. Mode 1 consists of equal currents, with all 
three phases in phase and ground return. Mode 2 flows out 
via phase a and returns via phase c. Mode 3 has equal cur- 
rents flowing out via phases a and c, and has two units of 
current returning via phase b. The x, y, and z notations are 
arbitrary. 


Mode 1 Mode 2 Mode 3 
(High Loss) (Medium Loss) (Low Loss) 


——> xX 


—l! +x 


—! 4x 


Ground Return 


Basic Modes (Simplified) 


Ig=X +Y +Z 
Ip=X -2Z 
Ig=X -Y +Z 


The Above 3 Equations in 3 Unknows can be Solved for The Values of X, Y, 
and Z in Terms of The Actual Phase Currents, Giving The Following Results: 


X=h(Igtlptle) Y=$(g-Ic) Z=§(Ia-2Iptlo) 


These 3 Equations can be Used to Determine The Mode Quantities X, Y, 
and Z at The Transmitting Line Terminal for any Type of Coupling, as 
Shown in Figure 15-18. 


Figure 15-17: Simplified Presentation of Basic Modes. 


The modal quantities at the transmitting terminal can now 
be determined for several types of coupling. The equations 
for x, y, and z (modes |, 2, and 3, respectively) are devel- 
oped in Figure 15-17. The values of I,, Ih; and I, for each 
type of coupling are taken from Figure 15-18. 


For example, with center phase-to-ground coupling, I, = 
I, =0, and Ih =I. Substituting these values into the equa- 
tions for x, y, and z (Figure 15-17) gives the modal quan- 
tities shown in Figure 15-18a. The modal currents for 
other types of coupling can be determined similarly and are 
shown in Figures 15-18b,c, and d. Note that there is no 
mode-2 component for “symmetrical” coupling (Figures 
15-18a and d). Furthermore, there is no mode 1 (high-loss) 
component for center-to-outer phase coupling. Outer-to- 


outer push-pull coupling is not shown, since it is all mode 2 
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by definition. In any case, the relatively high mode-2 line 
attenuation makes this type of coupling undesirable. 


Phase Type of 
Coupling 


Ole Olle Ose 
4 gal ont 
oll ol ot 


a) Center Phase-to-Ground Coupling 


v 


Gliet Olle Olle 
ae 
Ole GHet Dirt 


Coupling 


d) Outer-to-Outer Push-Push Coupling (2) (Ground Return) 


@) Conductors are Driven Out of Phase. 
(2) Conductors are Driven in Phase. 


Figure 15-18: Mode Components for Various Types of Coupling 
Conditions at Transmitter Terminal. 


Ii.K.3. Mode 3 Coupling Efficiency 


Since mode 3 has the lowest line attenuation (Table 15-XI), 
the optimum coupling arrangement will produce the larg- 
est mode-3 component in the power line at the transmitting 
point. A factor called the mode-3 coupling efficiency is 
used to compare various kinds of coupling. This factor is 
defined as the ratio (expressed in dB) of the mode-3 power 
in the line to the total output power supplied by the trans- 
mitter. 


The mode-3 coupling efficiency values listed in Table 
15-XII represent the measured and calculated values for a 
properly terminated (Figure 15-16), 40-mi, 500-kV line 
section. 
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Table 15-XII 
Mode-3 Coupling Efficiencies 


Calculated 
Mode-3 Coupling 


Measured 
Efficiencies 
Coupled Phases* 


Efficiency (dB) (dB) 


Center-to-outer 
Center-to-ground 
Outer-to-outer 
(push-push) 
Outer-to-ground 


*Unused phases grounded. 


IL.K.4. Rankings of Carrier Couplings 


Based on the coupling losses derived from Figure 15-18 and 


Table 15-XII, the type of carrier coupling can be ranked in 
order of preference: 


Mode-3 coupling, for lowest losses 
Center-to-outer phase ( push-pull)! 
Center-to-ground 

Outer-to-outer (push-push) 
Outer-to-ground, for short lines only 


eae ge 


Mode-3 coupling requires line traps, coupling capacitors, 
and line tuners in all three phases. Even so, mode-3 cou- 
pling has been justified on important, long EHV lines with 
multiple usage of the carrier channel. 


IIL.K.5. Transposition Loss 


Transpositions are made on three-phase power lines to im- 
prove the balance between phases and to minimize unbal- 
nce currents at 50 or 60 Hz. Horizontally spaced EHV 
lines are less frequently transposed. While a 500-kV line 
may have one transposition at its center, a 765-kV line is 
generally not transposed for practical reasons. Since these 
transpositions affect carrier frequencies although they do 
not reflect any of the carrier energy, they are considered to 
be “‘transparent.”” They do, however, act as mode convert- 
ers. Thus, the value of the modal quantities at the output 
of a transposition will differ from the modal quantities at 
the input of the transposition. 


1 Conductors are driven out of phase. 


Conductors are driven in phase. 


If only mode 3 were present at the input, for example, all 
three modes would be present at the output. Most of the 
output energy will be modes 3 and 2. As shown in Figure 
15-19, the mode 3 quantity at the output will be 6 dB be- 
low its input value. If all the mode 2 energy is attenuated 
before reaching the remote receiver or the next transposi- 
tion, then 6 dB is the loss introduced by the transposition. 
The 6-dB figure is a worst-case condition and is seldom en- 
countered in practice. Modes other than mode 3 are usu- 
ally present at the transposition, and the generated mode 2 
is not completely attenuated by the time the signal reaches 
the remote receiver. Multiple transposition (2 to 4) ona 
transmission line will usually cause only 2 dB or so added 
loss, or a total of 8 dB. See Table 15-V(b). 


Conditions After Transposition 


Phase 
Currents 


Mode 1 


L(IgtIptle) = $(1+1-2) =0 


BMIg-Ie) = 5 (142) = 131 


Mode 3: 2 (Ig- 2Ip te = ¢(1-2-2)= -2 =-31 


Notes: 


Note That The Mode 3 Current AFTER The Transposition is One Half of The 
Mode 3 Current going into The Transposition. 


Thus The Mode 3 Conversion Loss of The Transposition is 6 dB. 


Figure 15-19: Mode-3 Transposition Loss. 


II.L. System Losses 


Terminal equipment contributes materially to the overall 
system loss. Such losses include RF hybrid losses; coupling 
losses, including those from the line tuner and coupling 
capacitor; and shunt loss caused by carrier power flowing 
back through the line trap and the station bus to ground, or 
to other lines connected to the bus. 


II.L.1. RF Hybrid Loss 


The conventional RF hybrid inherently dissipates one-half, 
or 3 dB, of the power of any carrier transmitter connected 


to it. There is also a small transformer loss, plus a mismatch 


loss if the hybrid is not matched exactly to the coaxial 


cable input impedance. In essence, then, the overall RF hy- 


brid insertion loss can be taken as 3.5 dB. The same figure 
applies to a received signal passing through the hybrid in 
the opposite direction. 


II.L.2. Coupling Loss 


Coupling loss is caused by the resistive component of the 
line tuner and coupling capacitor impedances. The follow- 
ing figures are typical for overhead lines with a surge im- 
pedance of 500 ohms or more. For bundled-conductor 
lines, the coupling loss may be as much as 1 dB more.* 


Typical 
Tuner Insertion Loss (dB) 
Single-Frequency 0.5-1 
Double-Frequency 1,0-2 
Hi-Coupler (Wide-Band) 1.0-3 


The above values will vary according to the capacitance of 
the coupling capacitor, the surge impedance of the line, the 
impedance match, the length of coaxial cable, the distance 
between tuner and coupling capacitor, and the support of 
the carrier lead-in cable between the tuner and coupling 
capacitor. To cover all contingencies, a total coupling loss 
figure of 3 dB is recommended as a general rule for 
channel-loss calculations. 


II.L.3. Shunt Loss 


Shunt loss is the carrier loss through the line trap imped- 
ance and any shunt path to ground, as shown ia Figure 
15-20. Loss depends on the surge impedance of the line, 
the trap impedance, and the impedance of the local station 
bus. 


Shunt loss can be determined from the following equation: 


Zo t+Zpt+Z 
dB (loss) = 10Log ie eee (15-7) 
Zz + Zy 


*See also the line tuner and Hi-Coupler characteristic curves shown 
in Figures 15-4 and 15-5. 
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Zp, Zy, and Zr are the impedances of the station bus, the 
line trap, and the transmission line, respectively. 


Notes: 
2pg= Bus Impedance Including LT | (Line Tuner) 
Adjacent Lines 
Zy=Line Trap Impedance 
Z, =Line Surge Impedance 


WA (Transmitter- 


a) Carrier Terminal 


Shunt 


Load Path Transmitter 


b) Equivalent Circuit of Carrier Terminal. 


Figure 15-20: Carrier Shunt Loss. 


If bus impedance is unknown, assume 500 ohms for each 
additional line connected to the bus. An impedance value 
of 1,000 ohms below 100 kHz and 500 ohms above 100 
kHz is suggested for the bus. The bus and other line imped- 
ances are effectively in parallel. 


Typical values for shunt loss are listed in Table 15-XIII. 
Values are relatively independent of the number of external 
lines on the bus. To cover all contingencies, a shunt loss 
figure of 3 dB is recommended as a general rule for channe!- 
loss calculations. 


Table 15-XIII 


Typical Shunt Losses 


Trap Impedance 
Line Trap Zy in ohms Shunt Loss in dB 


over 1500 1* 
Double frequency over 1500 1* 
Wide Band 600-800 2 

Wide Band 400 3 


Single frequency 


*Add 0.5 dB if a low-Q trap is used and the trap impedance is less 
than 1000 ohms. 
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I.M. Example of Power-line Carrier Application 


For the typical application shown in Figure 15-21, carrier 
channel attenuation and signal-to-noise ratio can be calcu- 
lated as follows: 


Conditions 


Line: 100-mi, 345-kV line with one transposition at center. 
Shield wire - ACSR cable. 


Carrier Frequencies: grouped near 100 kHz. 


Line Relaying: application requires wide-band 1W/10W 
type TCF frequency-shift carrier, with 2-kHz spacing. 


Breaker Failure Relaying: uses narrow-band 1W/10W 
type TCF, with 1-kHz spacing. 


R-F Hybrids: used as shown in Figure 15-21 for isolation 
between transmitters as well as between transmitters and 
receivers. Frequencies used satisfy 6 percent maximum 
bandwidth for hybrids. 


Line Coupling: center-phase-to-ground, single-frequency 
tuner. 


Line Trap: single-frequency, low-Q connection, tuned to 
102.5 kHz to cover 100-to-105-kHz signals. 


Station G 


Line Trap 


Channel Loss Calculations starting at Station G 


Hybrid Losses: hybrid losses are 2 x 3.5 dB =7 dB. 


Coupling Loss: allow 3 dB, per Sec. IL.L.2. 


Shunt Loss: allow 3 dB, per Sec. II.L.3. 


Coupling Correction: +1 dB, per Table 15-VI 


Attenuation of Line: from Figure 15-7, for 345 kV, 100 
kHz, attenuation is 0.07 dB/mi. That is, line attenua- 
tion = 0.07 x 100 mi=7 dB. Adda 25 percent correc- 
tion factor for foul weather (Table 15-V(a). 


Foul-Weather Attenuation: foul-weather attenuation = 
1.25 x 7 =8.75 dB. Round off to 9 dB. 


Transposition Loss: from modal analysis, transposition 
loss = 6 dB maximum, per Table 15-V(b). 


System Loss: system losses from station G to far end of 
line (point B1 in Figure 15-21) are: 


hybrid losses = 7 dB 
coupling loss =3dB 
shunt loss =3 dB 


Station H 


100 Mile 345 KV Line 
One Transposition at Center 


Line Relaying Transfer Trip 


Figure 16-21: Typical Carrier Channel for STU Unblock Relaying With Wide Band TCF. Plus Narrow Band TCF for Breaker Failure Transfer Trip. 


Line Relaying Transfer Trip 


coupling correction = 1 dB (from Table 15-VI) 
=9 dB 
=6 dB 


line loss 
transposition loss 


The total system loss is 29 dB to point B1 (foul weather). 


Foul-Weather Line Noise 


From Figure 15-8, at 100 kHz, foul-weather noise level at 


230 kV =-17 dBm 
From Table 15-VIII, correction for 345 kV =+ 2dB 
From Table 15-IX, correction for wide-band 

TCF receiver =- 8dB 
Therefore, noise level in wide-band TCF revr. =-23 dBm 


For narrow-band TCF, the correction factor is -11 dB. 
Therefore, the narrow-band TCF receiver noise level is 
-26 dBm. 


Signal-to-Noise (S/N) Ratio 


Since the terminal equipment at station H will attenuate the 
signal and noise by the same amount, the signal-to-noise 
ratio is determined at the receiving end of the line (point 

B1 in Figure 15-21). 


Received signal level at B1: 


Transmitted signal (1 W) =+30 dBm 
Attenuation to point Bl =-29 dB 
Therefore, received signal at B1 = +1 dBm 


Signal-to-noise ratio at B1: 


For wide-band TCF, +1 dBm signal - )-23 dBm) noise 
= 24 dB S/N ratio 


For narrow-band TCF, +1 dBm signal - (-26 dBm) noise 
= 27 dB S/N ratio 


These signal-to-noise ratios are for foul-weather noise and 
attenuation—the worst case. They are significantly above 
the minimum 10 dB signal-to-noise ratio considered satis- 
factory for frequency shift operation. 
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Total Channel Loss 


To determine the total channel attenuation to the carrier 
receivers at station H, the coupling and hybrid losses at H 
must be added. 


Attenuation to Bl 27 dB (fair-weather) 


Coupling loss = 3dB 
Shunt loss = 3dB 
Hybrids (2) = 7dB 


Therefore, total channel loss = 40 dB (fair-weather loss) 


These losses are plotted in Figure 15-22. The total channel- 
loss calculation is made to be sure that the carrier receiver 
has adequate sensitivity for the application. For this pur- 
pose, the fair-weather loss figure (for the power line) is used. 


The receiver sensitivity is normally adjusted so that its alarm 
relay operates for a 10-dB increase in channel loss beyond the 
fair-weather figure, plus an additional 5-dB margin for relia- 
bility. Thus, the receiver sensitivity must be adequate to in- 
clude this 15-dB added channel loss. 


Station G 


+30 dBm 


Hybrid Losses 
B 


6 dB Coupling and Shunt Loss 


1 dB Coupling Correction 


¥2 Line Loss 
6 dB Maximum 


Transposition Loss 
7 dB Total Station H 
6 dB Coupling and 


¥2 Line Loss Shunt Loss 


Low-Signal Alarm 


15 Db Margin 


Receiver Minimum Pickup —> 


Signal Levels (Fair Weather) 


Transmitter at Station G... .. +30 dBm (1-Watt} 


Total Attenuation to Station HReceiver................ 40 dB 
Level at Station H Receiver .. . ates hp Bing Sealine ALAS —10 dBm 
Level at Station H Receiver for Low-Signal Alarm ...... —20 dBm 


Figure 15-22: Carrier Losses for The System of Figure 15-21. 
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Since the wide-band TCF receiver has a 55-dB channel at- 
tenuation rating, there is ample margin for a 10-dB signal 
deterioration during adverse weather. For improved de- 
pendability, the transmitter power is increased to 10 W dur- 
ing an unblock or transfer-trip operation, giving a 10-dB in- 
crease in S/N ratio. 


II. CARRIER TRANSMITTERS AND RECEIVERS 


In protective relaying, carrier transmitters and receivers are 
used for on-off operation or for frequency-shift (FSK) op- 
eration (Table 15-XIV). 


Table 15-XIV 


Carrier Terminal Equipment 


Main Application** 


EM directional 
comparison 
blocking 


Receiver 
Bandwidth* 


Trans- 


Type|Operation| mitter 


on-off 1W $00 Hz 


on-off 10W 1500 Hz(std)}EM and SS direc- 
tional and phase 
comparison 


blocking 


on-off 10W 500 Hz EM directional 
comparison re- 
laying on high- 
loss or high-noise 


lines 


TCF] FSK 1W/10W 


All direct transfer- 
trip and EM 
transfer-trip 
line relaying 
systems 


TCF FSK 1W/10W 


TCF FSK  }10W/10W 


*NB = narrow-band (220 Hz) and WB = wide-band (500 Hz) for 
TCF receivers. 


SS directional com- 
parison unblock 


Dual phase compari- 
son line relaying 


**EM = electromechanical-type relays and SS = solid-state type 
relays. 


I0.A. On-Off Carrier 


On-off operation, used only for relay blocking systems, 
prevents tripping of the breakers in an unfaulted line sec- 
tion during an external fault. Power levels of 1 W (type 
KR) or 10 W (type TC) are used. In both cases, the trans- 
mitter consists of a crystal oscillator, one or more interme- 


diate amplifier stages, a power amplifier, and an output fil- 
ter to keep harmonics suitably low. Voltage regulators keep 
the transmitter output and receiver sensitivity constant over 
expected ranges of station-battery voltage variation. Super- 
heterodyne receivers are associated with both the 1-W (KR) 
and 10-W (TC) transmitters. These receivers have fixed fil- 
ters that provide a constant bandwidth over the carrier 
band. Typical selectivity curves for both the KR and TC 
receivers are shown in Figure 15-23. Receiver bandwidths 
and attenuation ratings are given in Table 15-XV. 


Table 15-XV 


Receiver Bandwidths and Attenuation Ratings 


Standard | Narrow-Band 
KR TC TC 


500 Hz | 1500 Hz 500 Hz 
40 dB 40 dB 50 dB 


Receiver Bandwidth 
(at - 3 dB points) 
Channel Attenutation 
Rating 


90 


80 


70 


60 


KRand Narrow Band 
TC Receivers 


50 = 
40 4 
30 + 
Standard 
TC Receiver 
20 t 
10 
c 
= 
So 
a 
fea} 
2 0. 
-3 -2 -1 fe + +2 +3 
kHZ 


Figure 15-23: Carrier Receiver Selectivity Curves. 


III.B. Application for On-Off Carrier 
III.B.1. One-Watt (Type KR) Carrier 


This carrier set is used for directional comparison blocking 
using electromechanical relays (K-DAR), low speed tele- 
metering, and supervisory control at pulse rates up to 15 
pps. The KR carrier set can generally be used on lines of 
220 kV or below and up to 100 mi in length. 


IIL.B.2. Ten-Watt (Type TC) Carrier 


The standard TC set is suitable for both electromechanical 
and solid-state directional or phase comparison carrier re- 
laying systems. For phase comparison relaying, the tran- 
sient response of the receiver input filter requires that a 
minimum carrier frequency of 50 kHz be used for on-off 
keying. 


The narrow-band TC set is used for electro-mechanical di- 
rectional comparison relaying on lines of relatively high at- 
tenuation or noise level. The narrower receiver bandwidth 
gives a 10-dB reduction in noise response, thus allowing a 
10-dB higher attenuation rating with a 10-W transmitter. 


The on-off carrier for protective relaying is usually operated 
at a single frequency, since only one station is normally 
transmitting at a time. Single-frequency operation allows 
the use of single-frequency line traps and line tuners. For 
an external fault on a three-terminal line, however, power 
may flow in one terminal and out the other two. Under 
these conditions, a carrier signal will be transmitted from 
both line terminals. If the line attenuation to the third ter- 
minal is the same from both transmitters, equal-strength sig- 
nals will be received, probably a few cycles apart. Cancella- 
tion will occur as the two signals swing out of phase, and 
the carrier relay will allow incorrect tripping. To prevent 
this condition, the transmitter frequencies at the three line 
terminals are spaced 100 Hz apart. This arrangement ensures 
that any beat frequency during an external fault will be fast 
enough to prevent tripping. The receiver bandwidth (KR or 
TC) is adequaté to accommodate this spread of received fre- 
quencies, 


I1.B.3. Other Uses of On-Off Carrier Channel 


Since a carrier signal is transmitted only during a fault, the 
relaying carrier channel is usually available for other func- 
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tions. An elementary modulator and amplitude-modulated 
(AM) receiver can be added to the carrier set to provide a 
voice channel for maintenance communication between the 
terminals of a line section. On both KR and TC carrier sets, 
plug-in handsets with a “push-to-talk” button are used with 
these voice adapters. The remote station is called by start- 
ing carrier transmission to ring the alarm bell at that station 
(manual code-bell calling). Plugging in the handset or re- 
moving it from a key cradle cuts off the alarm bell. 


A single keyed function can also be added, such as tele- 
metering a single quantity or supervisory control between 
the two terminals of a line section. By temporarily inter- 
rupting the keyed function, maintenance voice communica- 
tion can be used. In the event of a fault, however, the pro- 
tective relays will take precedence over any other function. 


With the development of narrow-band frequency-shift car- 
rier, functions such as telemetering and supervisory control 
have been separated from the relaying carrier. Frequency- 
shift channels in the same direction can be spaced as close 
as 0.5 kHz and are generally preferable for carrying the sin- 
gle keyed function. 


III.C. Frequency-shift Carrier (Type TCF) 


One of the most critical applications for power-line carrier 
is protecting transformers with no high voltage (line-side) 
breaker. In such cases, the tripping signal for a transformer 
fault is transmitted over the power line to the remote 
breaker. The receiver output relay (or an equivalent solid- 
state device) directly trips the breaker; there is no supervis- 
ing protective relay in series with the receiver output. For 
this reason, no spurious output from the receiver can be 
tolerated. 


A frequency-shift (FSK) carrier is used where such security 
against incorrect operation is required. In this mode of op- 
eration, a carrier signal is transmitted continuously at a 
guard or space frequency 100 Hz above the nominal (30-to- 
300-kHz range) channel frequency (Figure 15-24a). The re- 
ceiver at the remote terminal, like an FM receiver, has lim- 
iter stages and a discriminator (Figure 15-24b). Reception 
of the guard frequency saturates the receiver, making it in- 
sensitive to most noise voltages on the power line. The | 
amplitude-limited guard signal is then applied to a discrimi- 
nator, which produces a non-operating (logic “‘zero”’) de 
output of one polarity. 


/ 
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2 MHz 
Crystal 
Oscillator 


2 MHz + Fe 
Crystal 
Oscillator 
Fc =Nominal Channel Frequency 


7 Control Contact or Voltage 


a) Transmitter 


Crystal 
Filter 


Input Fo 
Clipper 


Notes: 
‘O) Omitted in Wide Band (W B.) Receiver 
@ L-C Filter in Wide Band Receiver 


Crystal 
Ocillator 
Fo+20 


b) Receiver (Narrow Band) 


Figure 16-24: Type TCF Frequency Shift Carrier Block Diagrams. 


To transmit a trip signal, the transmitter frequency is 
shifted down 200 Hz, producing a receiver discriminator 
output of the opposite polarity (Figure 15-25). This operat- 
ing output (or logic “‘one”’) trips a circuit breaker at, for 
example, the receiving line terminal. At the same time, the 
transmitter power output is increased from 1 W to 10 W to 
ensure dependable tripping. 


The input filter of this narrow-band frequency-shift receiver 
need only be wide enough to include both the guard and 
trip frequencies, plus a small safety margin. As shown in 
Figure 15-25, a typical filter is 220 Hz wide (£110 Hz). 

To obtain these characteristics, it is necessary to use a crys- 
tal filter where most of the reactive elements are provided 
by quartz crystals rather than by L-C circuits. The narrow 
bandwidth of this filter, combined with its steep skirt selec- 
tivity, permits channels in the same direction to be spaced 
as closely as 0.5 kHz on the same line section. 


The minimum spacing for channels in opposite directions is 
1.0 kHz. For such applications, RF hybrids must be used 


To Coaxial 


Guard = Fe + OO Hz 
Trip = Fe -1OOHz 
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Figure 15-25: Typical Filter and Discriminator Curves of Narrow and 
Wide Band Frequency Shift Carrier Receivers. (TCF) 


to prevent interaction between transmitters, as explained 
later in this chapter. With frequency-shift operation, a car- 
rier channel in both directions between two stations re- 
quires a duplex (two-frequency) channel: each receiver 
must continuously receive the signal from the remote trans- 
mitter only. 


For transfer-trip applications, the receiver discriminator fre- 
quency characteristic is shifted a small amount (25 Hz) in 
the trip direction, as shown in Figure 15-25. This shift puts 
a larger segment of the crystal filter pass-band on the guard 
side of the discriminator, and a smaller amount on the trip 
side. In addition, the discriminator is 3 or 4 dB less sensi- 
tive at the trip frequency than it is at the guard frequency. 
The net effect is to reduce the likelihood of a high noise 
level on the power line producing a spurious trip output 
from the discriminator. 


Logic circuitry is placed after the discriminator to further 
increase the security of a narrow-band FSK receiver against 
undesired tripping. The logic requires the following condi- 
tions to be met before tripping is allowed: 


a. A guard signal must be received immediately before the 
trip signal. 


b. There must be no sustained high level noise on the 
channel. 


c. The received signal must shift from guard to trip with no 
intentional delay. 


d. The trip signal must be received long enough (on the or- 
der of 2 to 20 ms) to time out an adjustable time delay. 


With different receiver logic, a frequency-shift carrier is also 
used for several types of line relaying, such as the unblock 
and phase comparison carrier relaying systems described in 
Chapter 16. To improve the channel speed while retaining 
the advantages of FSK operation, a wider bandwidth re- 
ceiver input filter employing tuned L-C circuits, rather than 
crystals, is used for these applications. This wide-band FSK 
receiver has a bandwidth of +250 Hz at the-3-dB points 
and responds fast enough to be suitable for phase compari- 
son carrier relaying. In these systems, tripping is always 
supervised by line-frequency (50 or 60 Hz) protective re- 
lays. Thus, in spite of the greater receiver bandwidth, noise 
is very unlikely to cause incorrect tripping. Wide-band 
frequency-shift carrier can be used for phase comparison 
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relaying down to 30 kHz. The carrier transmitter for this 
type of relaying is operated at a 10-Watt level continuously. 


II.D. Three-frequency Operation 


When the protection requires duplex frequency-shift chan- 
nels, a considerable saving in channel spectrum can be ef- 
fected by using a double-shift transmitter and two separate 
receivers. For example, directional comparison unblock 
relaying (wide-bank FSK receiver) can be used for line pro- 
tection, and a transfer-trip channel (narrow-band FSK re- 
ceiver) can be used for breaker failure or transformer bank 
protection. 


The transmitter (Figure 15-26a) normally operates at 100 Hz 
above the nominal channel frequency, with a 1-Watt output. 
The f, + 100 Hz frequency serves as the block frequency for 
the unblock system and the guard frequency for the transfer- 
trip system. Each receiver uses the signal as required for its 
own relaying function. 


As shown in Figure 15-26a, operation of an unblock system 
protective relay supplies #1 input to the AND logic. Ab- 
sence of transfer-trip #2 input allows the AND circuit to de- 
liver an output that shifts oscillator #1 down in frequency 
by 200 Hz and boosts the transmitter output to 10 Watts. 
As oscillator #1 shifts down in frequency, it moves farther 
aways from the frequency of oscillator #2. Since the trans- 
mitter output is the difference frequency between oscilla- 
tors #1 and #2, the output frequency is actually increased 
by 200 Hz (from an initial value of fi. + 100 Hz to f. + 

300 Hz). This f, + 300 Hz is the unblock frequency 
(Figure 15-26b). 


If the local breaker does not trip, the breaker failure relay 
calls for a transfer-trip operation. Such an operation shifts 
the frequency of oscillator #2 down 200 Hz, bringing it 
closer to the frequency of oscillator #1 and reducing the 
transmitter output frequency to Tes - 100 Hz. This ti - 
100 Hz is the trip frequency shown in Figure 15-26b. 


Negation of the transfer-trip input to the AND block (Fig- 
ure 15-26a) permits the transfer-trip function to take pre- 
cedence over unblocking in controlling the TCF transmitter 
frequency. Circuit interlocks between the two receivers pre- 
vent a loss-of-signal alarm from occurring when the incom- 
ing carrier signal is shifted in frequency for an operation of 
either receiver. Transmitter output is switched to 10 W for 
a frequency shift in either direction. 
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Figure 15-26: TCF 3-Frequency Operation. 


The minimum frequency spacing and receiver sensitivity rat- 
ings for type TCF frequency-shift carrier are given in Tables 
15-XVI and 15-XVII, respectively. 


IIL.E. Use of RF Hybrids 


With a blocking on-off carrier (type KR or TC), there is usu- 
ally only a single transmitter-receiver at a line terminal. 
With frequency-shift carrier, however, there are usually two 
or more transmitters and receivers connected through a sin- 
gle tuner and coupling capacitor. All transmitters and re- 
ceivers cannot be connected directly to the same coaxial ca- 
ble for two major reasons: 


a. The transmitter outputs would overload the receiver in- 
put circuits and impair their ability to receive the remote 
signal. 


b. Parallel operation of two or more transmitters with 
closely spaced frequencies would give rise to intermodu- 
lation distortion. Each transmitter, in other words, 
would impose non-linear loading on the others in paral- 
lel with in. For example, if 99-kHz and 100-kHz trans- 
mitters are connected in parallel, there will be spurious 
frequencies at 1-kHz intervals above and below the trans- 
mitter frequencies. The amplitude of these intermodula- 
tion products will decrease rapidly at frequencies farther 
away from 99 and 100 kHz. Even so, the intermodula- 
tion products may interfere with other channels. 


IF. Filter Unblock Receiver (Centered about fc + 100) 


Transfer Trip Receiver Discriminator 
(Not Considering Effect of Narrow Band Input Filter ) 


1OOHz 


Hz 250Hz ‘ 
(nput Filter 
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+750Hz 


Transfer Trip 


(Transfer Trip) 
fc-100 


Unblock Receiver 


fc+100 Discriminator 


fc=Rated Channel Frequency 


b) Receiver Characteristics 


Such problems can be avoided by using RF hybrids to iso- 
late transmitters from each other and transmitter outputs 
from receiver inputs. An RF hybrid, in its simplest form, 
consists of an accurately mid-tapped transformer T and a 
balance resistor R (Figure 15-27a), It is designed so a signal 
applied to either input terminal (IN-1 or IN-2) will, in the- 
ory, produce no signal voltage at the opposite input termi- 
nal. In practice, the signal attenuation between one trans- 
mitter and the opposite input is about 30 dB. This attentua- 
tion figure is known as the “return loss” of the hybrid. 


The 30-ohm balance resistor R causes a 3-dB loss between 
each input and the output. There is also a transformer loss 
of 0.5 dB, maximum. This total 3.5-dB loss is the ‘‘inser- 
tion loss” of the hybrid. Approximately the same loss ap- 
plies to incoming signals. Thus, two transmitters can be 
connected to a hybrid with negligible interaction between 
them. Alternatively, a transmitter and a receiver can be 
connected to the two hybrid inputs, with negligible signal 
from the transmitter appearing at the receiver input. For 
reasons explained this hybrid arrangement, or its equivalent, 
is always necessary where a transmitter and one or more 
FSK receivers are coupled to the same carrier channel. 


For carrier applications, the output load on a hybrid is not 
a pure resistance. Rather, it is a combination of coaxial ca- 
ble, line tuner, coupling capacitor, and the surge impedance 
(Zo) of the transmission line. To obtain a satisfactory bal- 
ance over a reasonably wide frequency range, the hybrid cir- 


Table 15-XVI 


Minimum Frequency Spacing for Type TCF 
Frequency-Shift Carrier 


Minimum 
Type of |Spacing with 
Channel | RF Hybrids 


Equipment Direction (kHz) 


(crystal filter) 


Narrow-band receiver 


(crystal filter) 


Wide-band receiver 
(L-C filter) 


Wide-band receiver 
(L-C filter) 


Wide-band receiver 


Wide-band receiver 


Table 15-XVII 


TCF Receiver Sensitivity Ratings 


Receiver Sensitivity 
Equipment for Limiting (mV) 


FSK 5 (65 dB below | W) 


Narrow-band 
receiver 


Wide-band 
receiver 


FSK 


15 (55 dB below 1 W) 


Wide-band 
receiver 


On-off 
keying 


44 (55 dB below 10 W) 
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cuit shown in Figure 15-27b is used. A tunable series- 
resonant L-C circuit is added to the balance resistor R. This 
scheme produces an acceptable balance over a 6-percent 
bandwidth through most of the carrier spectrum. 


IN-1 ° 
Fixed 
-] 
iN Capacitor 
To 

ee Teese Coaxial 
{60} RL ~ Cable 
a | 


IN-2 0 IN-2 0 

a) Resistance Type Hybrid 
(Single Unit - Type H1R) 
(Doubte Unit - Type H2R) 


b) Reactance Type Hybrid 
(Type H3X) 


Figure 15-27: R-F Hybrids. 


The reactance-type hybrid shown in Figure 15-27b must be 
used if only a single hybrid unit is required to separate two 
transmitters (or a transmitter and a receiver) at a line termi- 
nal. If more than one hybrid is needed, however, as in the 
example shown in Figure 15-21, only the hybrid connected 
to the coaxial cable need be of the reactance type (H3X). 
Others can be of the resistance type (H1 R) shown in Figure 
15-27a. 


For transmitters connected to a common load (coaxial ca- 
ble) using hybrids, the frequency bandwidth should be kept 
within 6 percent of the highest frequency for a center fre- 
quency in the 50-to-300-kHz range. In the 30-to-50-kHz 
range, the acceptable bandwidth is 4 percent. Within these 
limits, a minimum return loss of 15 dB will be produced un- 
der various line-switching and weather conditions. 


Only the transmitter frequencies for a hybrid chain involv- 
ing both transmitters and receivers must be kept within the 
4- or 6-percent limits. Receivers are not subject to 
frequency-band limitations. Also, a hybrid need not be 
used between two receivers; since no signal is transmitted, 
no isolation is required. 


Several typical hybrid arrangements, shown in Figure 15-28a 
through 15-28f, are listed below: 


Two transmitters (a): This arrangement uses an X-type hybrid. 
Frequencies of transmitters should be within the 4- or 
6-percent limits. There is an approximate 3.5-dB loss for 
each signal. 
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Figure 15-28: Typical Application of R-F Hybrids. 


Single bi-directional channel (b): This arrangement uses 
either an X-type hybrid balanced for T1 frequency, with 
no restriction on T1 and R1 frequency spacing, or a 
“skewed” hybrid for closely spaced frequencies. With a 
skewed hybrid, two transformers are used to obtain the 
balancing action. The resulting insertion loss in the 
transmitter path is less than 1.0 dB which helps overcome 
line noise (compared to 3.5 dB in a conventional hybrid). 
This reduced transmitter insertion loss is accompanied by 
as much asa 12-dB loss in the path of the received signal. 
Since the signal and noise are attenuated together, how- 
ever, the signal-to-noise ratio is not reduced. On high-loss 
channels, the 12-dB loss may be a significant factor in 
overall path attenuation. 


Dual bi-directional channel (c): The Tl and T2 transmitter 
outputs are fed into an R-type hybrid which, in turn, 
feeds the X-type hybrid. Receivers Rl and R2 are con- 
nected in parallel to the second input of the X-type hy- 
brid. The 4- and 6-percent limits apply to the two trans- 
mitters, but not to their spacing from the two receivers. 


As previously stated, hybrids are never required between 
two receivers. 


Four transmitters/one-way channel (d): In this conven- 
tional arrangement of R and X hybrids, each signal is 
subject to a 7-dB loss (2 x 3.5 dB). 


Modified four-transmitter/one-way channel (e): The modi- 
fication consists of a reconnection to favor T1 and T2 
losses, which are 3.5 and 7 dB, respectively. Losses for 
T3 and T4 will be 10.5 dB each (3 x 3.5 dB). 


FSK bi-directional channel plus on-off carrier (f): In this ar- 
rangement, the closely spaced (1.0 kHz) FSK transmitter 
and receiver are connected to an X-type hybrid. Since 
the line-relaying set is far outside the 6-percent frequency 
bandwidth limit at 150 kHz, however, it cannot be con- 
nected in a hybrid chain through the same X-type hybrid. 
Instead, it is connected to the coaxial cable in parallel 
with the hybrid output. 


Each transmitter has a series L-C unit in its output filter, 
so there is negligible interaction between the two trans- 
mitters. The 150-kHz signal is, however, attenuated only 
3.5 dB by the X hybrid 3.5 dB on its way to the FSK re- 
ceiver input, which is not enough to prevent conduction 
of the receiver input zener-diode clippers. To eliminate 
such conduction, an L-C circuit and load resistor are con- 
nected, as shown, ahead of the FSK receiver input. This 
resonant circuit, tuned to the desired 101-kHz signal, 
adequately rejects the local 150-kHz signal. If the inter- 
fering signal is not 150 kHz, but 110 kHz for example, a 
single L-C circuit may not be adequate. Rather, a more 
elaborate type-RPS receiver preselector filter must be 
used, since the 110-kHz signal is still outside the 
6-percent bandwidth hybrid limit. 


III.F. Parallel Operation of Transmitters without RF 
Hybrids 


When the frequency spacing is beyond the 4- or 6-percent 
limit of RF hybrids, 10-W transmitters (TC or TCF) can be 
operated in parallel without RF hybrids, and their output 
fed into a single coaxial cable (and wide-band tuner). This 
arrangement requires a certain minimum frequency spacing, 
where the selectivity of the transmitter output filters will 
prevent the transmitters from loading into each other or gen- 
erating intermodulation products. This minimum frequency 
spacing is shown in Figure 15-29. 
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Figure 15-29: Minimum Frequency.Spacing for Two 10 Watt TC or TCF 
Transmitters Operated in Parallel Without R-F Hybrids. 
{From Consideration of Transmitter Loading Only) 


IIL.G. Other Applications 


Frequency-shift equipment is widely used for telemetering 
and supervisory control channels because of its narrow 
bandwidth and high reliability. For telemetry and supervi- 
sory applications, the transmitter is usually operated at a 
1-Watt level for both mark and space frequencies. It may 
be keyed either by a contact or by the ac output voltage of 
frequency-type telemetering equipment. As indicated in 
Figure 15-24b, the FSK receiver output may be either a 
mercury-wetted relay or an ac voltage. No logic circuitry is 
used in the receiver for these applications. 


For multi-station supervisory control, conventional FSK 
equipment is impractical, since each station must receive 
the signal transmitted by all other stations. Instead, 
frequency-shift equipment is operated in an on-off mode. 
A 10-Watt transmitter is used at each station, together with 
a wide-band TCF receiver (+250-Hz bandwidth at -3 dB) 
operating at the same frequency. 


The higher sensitivity and relatively narrower bandwidth of 
the TCF receiver make it more suitable for this application 
than the standard type-TC equipment (£750 Hz at -3 dB). 
The receiver’s higher sensitivity compensates for the divi- 
sion of the transmitter output power among several lines. 
Along with the discriminator, the narrower bandwidth helps 
maintain an acceptable signal-to-noise ratio. This receiver 
cannot use a crystal filter with a 220-Hz bandwidth 

(£110 Hz at - 3dB); its time response is too long to follow 
the carrier on-off supervisory-control pulses. 


III.H. Voice Channel over Frequency-shift Carrier 
(Type TCF) 


A voice channel is also available for frequency-shift carrier 
equipment. However, a guard or blocking signal is trans- 
mitted continuously with frequency-shift carrier. Stopping 
carrier transmission, even momentarily, to signal the remote 
terminal would disrupt the proper functioning of the chan- 


nel. Also, some means must be provided for preventing 
over-modulation, which would cause brief interruptions of 
the carrier signal. The major components of the TCF-voice 
system shown in Figure 15-30 are: 


a. TCF relaying transmitter (1 W to 10 W) with a built-in 


AM modulation circuit. 


b. Speech amplifier with automatic level control (ALC) to 
prevent over-modulation. 


c. A completely separate AM voice receiver with automatic 
volume control (AVC). 


d. A 370-Hz calling-tone transmitter and receiver (calling 
alarm). 


e. Provision for a second voice receiver for three-terminal 
line applications. 


f. An audio mixer to combine the signals from the two re- 
mote stations for three-terminal lines. 


g. Telephone handset and calling pushbutton. 
The TCF relaying receiver and RF hybrid, which are not ac- 


tually a part of the TCF-voice system, are also shown in 
Figure 15-30. 
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Figure 15-30: Block Diagram of The TCF Voice System. 
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At its guard or block frequency, the TCF transmitter oper- 
ates at a 1-Watt output level. When the telephone handset 
is lifted from the hookswitch (not shown), the transmitter 
output power increases to 3.25 Watts. The remote station is 
called by manually transmitting the 370-Hz tone. When 
voice modulation is applied, the carrier level can vary from 
10 Watts to 1 Watt. 


The instantaneous level can never drop below 1 Watt. In 
this way, an adequate guard signal is maintained. If a pro- 
tective relay operates during voice communication, the voice 
modulation circuit is immediately blocked, the carrier fre- 
quency shifts to trip (or equivalent), and the power output is 
boosted to 10 W. Thus, the integrity of the protective relay- 
ing channel is not affected by adding voice communication. 


The duplex TCF voice communication system described 
above can be used with direct or permissive transfer-trip re- 
laying, and unblocking or phase comparison relaying. The 
system uses a | W - 10 W type-TCF transmitter with provi- 
sion for amplitude modulation. System characteristics are: 


Channel attenuation rating 40 dB 


Voice receiver dynamic range 25 dB, minimum 
Minimum frequency spacing for 
duplex channel* 4 kHz 

The TCF voice adapter components, shown inside the 
dotted box in Figure 15-30, are mounted ona 19-inch rack 
chassis. 


IV. AUDIO TONE CHANNELS 


Audio tones transmitted over wire-line or microwave com- 
munication circuits provide a second type of channel for 
protective relaying systems. Audio tone channels are used 
to transmit relay “intelligence” from one line terminal to 
another in the following cases: 


a. On relatively short lines, where they may have an eco- 
nomic advantage over power-line carrier. 


b. In metropolitan areas using underground transmission ca- 
bles that present excessive carrier-frequency attenuation. 


*Greater spacing may be required, depending on line loss and level of 
adjacent frequencies. 


c. Where the pilot-wire resistance and capacitance exceed 
the limits for ac pilot-wire relaying. 


d. Where metallic pairs cannot be leased for ac pilot-wire 
relaying. 


e. In areas where the power-line carrier spectrum is crowded. 


Three types of conventional FSK audio tone equipment are 
used for protective relaying. Types TA3 and DIT-1 are used 
for transfer-trip systems and type TA2.2 for dual phase- 
comparison relaying. 


IV.A. Type TA3 Tones for Transfer-Trip Application 


Type TA3 tones operate in the range of 1200 to 3000 Hz 
and have a bandwidth of 170 Hz or 340 Hz (Table 15-XVIII). 
They can be used with either electromechanical or solid-state 
transfer-trip relaying. A direct transfer-trip system—one 
which has no supervising protective relay—should use the 
170-Hz bandwidth tone. A permissive relaying system pro- 
tecting a line with high speed breakers should use the 
340-Hz bandwidth tone, which operates 4 ms faster. Since 
the TA3 tone equipment is used for direct transfer-trip, it 
must be secure against false operation on noise. Security is 
provided by: 


a. The inherent noise-rejection characteristic of a frequency- 
shift receiver. 


b. A broad-band filter (300 to 1000 Hz) and AM receiver 
to sample the random noise level of the pilot channel and 
prevent it from causing false tripping. 


c. A second noise circuit that samples the entire frequency 
spectrum of the channel and operates for an overall 
energy increase on the channel. This monitoring feature 
protects against false trip caused by impulse noise outside 
the 300-to-1000-Hz noise-filter frequency. 


A block diagram of the TA3 tone equipment for the 170-Hz 
bandwidth is shown in Figure 15-31. The transmitter con- 
tains an isolated keying circuit, a frequency-shift oscillator, 
and a buffer amplifier. The amplifier can be provided with 
either an output filter or a transformer to couple the FSK 
transmitter to the external communication circuit. 


The output filter presents a high out-of-band impedance 
that prevents adjacent channel loading and allows paralleling 
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Figure 15-31: Type TA-3 Tone Transmitter and Receiver Block Diagrams. 


the outputs of several tone transmitters, without using hy- 
brids. The filter also reduces any harmonic distortion in the 
tone output to less than 0.2 percent. This feature is desir- 
able where a large number of tones are connected to one 
communications channel. The output filter, however, adds 
1.5 ms to the channel time. 


Transformer coupling is used where speed of operation is 
important. In such applications, only one or two tones are 
involved. With two tones, a resistance-balanced hybrid must 
be used to prevent loading and intermodulation distortion. 
For two-wire, duplex operation applications, a more elabo- 
rate balanced hybrid is required to isolate transmitter out- 
puts from receiver inputs. 


For 340-Hz bandwidth tones, the outputs of two high fre- 
quency oscillators are applied to a mixer stage: the differ- 
ence frequency, or “‘beat frequency,” is the desired audio 
tone. A bandpass filter in the amplifier stage separates the 
desired tone from the other frequencies. A frequency shift 
in one of the high frequency oscillators, when keyed, will 
produce the same amount of shift (340 Hz) in the audio 
tone output. 


The various receiver modules, diagrammed in Figure 15-3lb, 
include the receiver proper, as well as line-level and noise- 
supervisory modules. 


15-31 


Table 15-XVIII 
Type TA3 Audio Tones Frequencies (Hz) 


A. Standard channels (170-Hz bandwidth and 340-Hz 
spacing) 


Channel Trip 


Guard 


1275 1190 1360 
1615 1530 1700 
1955 1830 2040 
2295 2210 2380 
2635 2550 2720 
2975 2890 3060 


340-Hz 
170-Hz Bandwidth Bandwidth 
With With With 
Transformer Filter Filter 


(ms) (ms) (ms) 


B. Channel Time 


Channel Time, 
Exluding 
Telephone Line 


Relay Time: 


2-A Mercury- 
Wetted Relay or 
Mercury-Wetted 
Relay and 10-W 
AR Relay 


Total 


C. Required Channel Characteristics 
170-Hz Bandwidth Tones 


Channel Center 


Frequency (Hz) Specification 


3002 unconditioned* data line or 
equivalent 


3002 Cl conditioned* data line or 
equivalent 
3002 C2 conditioned* data line or 
equivalent 


3002 C4 conditioned* data line or 
equivalent 
340-Hz Bandwidth Tones 
Channel Center 


Frequency Specification 


3002 unconditioned* data line or 
equivalent 


3002 C2 conditioned* data line or 
equivalent 


*Specifications directly related to conditioning are covered by 
Interstate Tariff FCC No. 260 (1/1/69). A summary of the spec- 
ifications is tabulated in Table 15-XIX and the associated notes. 
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Notes for Table 15-XIX 


(1) A+ 16-dBm signal is classified as an enhanced signal and 
is limited to seven occurrences per week for test pur- 
poses. An occurrence is defined as an enhanced signal 
transmission within a 3-sec. interval. 


(2) Direct current continuity (metallic circuits) is not pro- 
vided on any of these channels. 


(3) Noise at receiver 
Facility Length not to exceed 
(mi) (dBrnc)** 
0-50 28 
51-100 31 
101400 34 
401-1000 38 
(4) Impulse noise 


Threshold with respect to 
received 1004-Hz test 


Maximum counts above 
threshold allowed in 


tone power (dB) 15 minutes 
-~6 15 
~2 
+2 5 


**dBrnc = dB above a reference level of 19712 W (one pW), with 
C-message weighting (shown below. 


ae 
oo 


Response (dB) 
iS 
eS 


100 200 500 1000 2000 5000 
Frequency (Hz) 


C-Message Frequency Weighting 


Figure 15-32 indicates the dynamic operating range of the 
tone receiver, as well as typical settings for the various units. 
The normal signal level of zero dB can be assumed to be an 
actual ~20 dBm - per - channel level on the incoming tele- 
phone line (or equivalent circuit). 


The signal supervisory module is set to clamp the trip ampli- 
fier to a non-conducting state for a 6-dB drop in signal level. 
The signal level must then rise 3 dB to unblock the trip am- 
plifier. This difference is caused by hysteresis or “backlash” 
in the trigger-action blocking circuit. 
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Receiver Dynamic Operating Range 


Number of 
Channels 


Out-of-Band Tone Level 
Above Normal Chanel 


3.5 dB 
8.6 dB 
10.5 dB 
11.8 dB 
12.4 dB 
12.9 dB 


Maximum Level of a Single 
Out-of-Band Tone (Above 
1000 Hz) to Cause a high 
Line-Level Trip Block 


High Line Level Trip Block 


YW klash 
genes Block Release 


Nominal Signal Level 
(Zero DB Reference) 


kK R 
Blacklash Block Release 


Low Signal-Level Trip Block 


Minimum S/N Ratio=9 dB 
For Secure Operation 


Receiver 
Dynamic 
Range= 
10.5 dB 


—15 dB 


3 dB Margin 

—18 dB Noise Trip Block 
Y Noise Sampted in Region of 
j 300 to 1000 Hertz; Blocking 
Yj is Indeterminate due to 
Y Random Character of Noise. 


Block Release 


Figure 15-32: Type TA-3 and TA-2.2 Tone Receivers Dynamic Operating 
Range. 


A signal-to-noise ration of 9 dB is required for secure opera- 
tion. The filtered noise supervisory circuit is set for a posi- 
tive trip-block at an in-band (300-to-1000-Hz) noise level 
18 dB below the normal signal level. This setting provides a 
3-dB margin beyond the required 9-dB S/N ratio. 


Since the noise is random, a 10-dB region exists between 
complete blocking and unblocking. This phenomenon will 
cause irregular output for a trip signal with in-band noise 
level of -18 to -28 dB. 


A high line-level block will occur when the combined signals 
on the line exceed by 4.5 dB their normal level (zero dB, or 
an actual -20 dBm per channel). This blocking circuit, which 
can aiso be actuated by the filtered noise channel, contains 
about 1.5 dB of hysteresis. Noise-frequency components on 
the line and outside the noise filter pass-band, when added 
to the combined signal level, will operate the noise trip 
block. 


IV.B. Type DIT-1 Tones for Transfer-Trip Applications 


The DIT-1 Tones consist of two closely spaced, narrow-band, 
frequency-shift, voice-band tone sub-channels for transmis- 
sion over telephone-line, microwave, or single side-band 
power-line carrier circuits. This system has high dependa- 
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bility with good security under all conditions of channel dis- 
turbances. Important relaying application features are: 


1. High protection against continuous and impulse noise, 
frequency translation, interfering tones, and amplitude 
and phase hit transients. This is obtained by the keying 
voltage shifting one transmitter up in frequency and the 
other transmitter down through optical isolators. 


2. Excellent frequency stability through crystal-controlled 

oscillators. Each sub-channel has two high-frequency 
oscillators, one for guard and one for trip. Either oscil- 
lator can be switched to a digital frequency divider 
which drives a tracking active bandpass filter. A trip 
command switches the oscillators and the tracking band- 
pass filters from guard to trip frequency. Thus the tone 
transmitter output is essentially a sine wave of constant 
amplitude and phase with crystal frequency stability. 
Trip boost of 0-12 dB for 0 to 200 ms is provided. 


3. No single component failure will cause an incorrect trip 
output. The transmitter has separate circuits to generate 
the two sub-channel tones. The two sub-channel receiv- 
ers are independent including separate logic circuits. 
Each drives an output transistor through an optical isola- 
tor. 


4. In-band monitoring for high noise levels. Envelope level 
detectors with fast response to changes in the input quan- 
tity provide blocking when the in-band signal-to-noise 
ratio deteriorates to an unsatisfactory level. In-band 
noise or interfering tones on the channel appear as am- 
plitude variations in the signal-level envelope. These are 
recognized by the envelope-level detector to block the re- 
ceiver before an incorrect output can be developed. Out- 
of-band noise does not affect the operation of the chan- 
nel as this is not recognized in the DIT-1 system. 


Dual channels are recommended for transfer-trip applica- 
tions to provide high security in tripping the remote 
breaker(s) where supervising fault detectors can not be 
used. The two tone channels may use the same transmission 
channel or separate channels can be used for additional se- 
curity. The highest security and dependability is obtained 
using two dual-tone DIT-1 systems with the transmitters 
keyed in parallel and all receiver trip outputs connected in 
series. Each of the two systems is transmitted over separate 
channels. In effect, this is a four sub-channel system. 


With a transmission impairment on one of the dual-channel 
circuits, that system is blocked and the channel by-passed 
to take the failed channel out of service. The protection 
now relies on the other dual-channel system. Complete se- 
curity of dual-channel operation is maintained in the throw- 
over condition and the dependability is increased over a sin- 
gle transmission path using a single duel-channel system. 


This “dual-dual-channel” application allows complete testing 
without taking the transfer-trip relaying out of service and 
without reducing the security below that of a normal dual- 
channel relaying system. 


The DIT-1 system operating time is 12 ms for 340 Hz chan- 
nel spacing and 8 ms for 680 Hz channel spacing. This is 
with the transmitter and receiver chassis connected back-to- 
back for zero channel time. 


The 340-Hz spaced channels are recommended for transfer- 
trip relay applications where security is more important than 
speed. The 680-Hz spaced channels are preferred for permis- 
sive transfer-trip line relay applications. 


Recommended tone-channel frequencies for DIT-1 tones are 
listed in Table 15-XX. 


IV.C. Type TA2.2 Tones for Phase-Comparison Relaying 


A high-speed tone channel is required for dual phase- 
comparison relaying. The transmitter frequency is shifted 
between mark and space (rather than between trip and 
guard) at a 60-Hz rate, and the receiver must follow this 
keying rate accurately. These tones operate in the range of 
about 1500 to 2800 Hz, with available bandwidths of 340 
and 600 Hz. The 600-Hz bandwidth is used in all cases ex- 
cept where a three-terminal power line is protected with a 
two-wire audio channel. In such a case, a 340-Hz band- 
width tone is required for the additional frequencies. 


The TA2.2 equipment may be applied directly to a tele- 
phone line or similar pilot-wire pair; it may also be multi- 
plexed on a microwave or a suitable carrier channel. When 
using the 600-Hz bandwidth tones, the maximum permissi- 
ble channel delay (exclusive of the TA2.2 delay) is 3.5 ms. 
For the 340-Hz bandwidth tones, the maximum channel de- 


Table 15-XX 


Recommended Tone-Channel Frequencies 
340 Hz Channel Spacing 
for Type DIT-1 Tones 


1 A 


Transmitter 
Frequency Receiver Channel 
& Mode Center Frequency 


860 Trip 935 Hz 
1010 Guard 
B 1200 Guard 1275 Hz 
1350 Trip 
2 A 1200 Trip 1275 Hz 
1350 Guard 
B 1540 Guard 1615 Hz 
1690 Trip 
3* A 1540 Trip 1615 Hz 
1690 Guard 
B 1880 Guard 1955 Hz 
2030 Trip 
4* A 1880 Trip 1955 Hz 
2030 Guard 
B 2220 Guard 2295 Hz 
2370 Trip 
5* A 2220 Trip 2295 Hz 
2370 Guard 
B 2560 Guard 2635 Hz 
2710 Trip 
A 2560 Trip 2635 Hz 
2710 Guard 
B 2900 Guard 2975 Hz 
3050 Trip 
7 A 2900 Trip 2975 Hz 
3050 Guard 
B 3240 Guard 3315 Hz 
3490 Trip 
600 Hz 
Channel Spacing 
A 785 Trip 935 Hz 
1085 Guard 
B 1465 Guard 1615 Hz 
1765 Trip 
g* A 1465 Trip 1615 Hz 
1765 Guard 
B 2145 Guard 2295 Hz 
2445 Trip 
10 A 2145 Trip 2295 Hz 
2445 Guard 
B 2825 Guard 2975 Hz 
3125 Trip 


*Preferred goups for minimum noise and to avoid roll-off at 
lower or upper end of communication channel. 
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lay is 2 ms. The actual frequencies used, the shift in fre- 
quency, and the operating times are: 


Operating 

Bandwidth (Hz) Frequencies (Hz) Shift (Hz) Time (ms) 
600 1500, 2700 +300 2.0-2.5 
340 1500, 2180, 2860 +170 3.5-4.0 


The speed and accuracy of tone equipment for phase- 
comparison relaying is obtained by keying and filtering at 
frequencies on the order of 13 to 16 kHz, and translating 
the tones to the lower frequencies used in the communica- 
tions circuit (Figure 15-33). For the transmitter portion, 
shown at the bottom of the diagram, the 16.2-kHz output 
of a high-frequency oscillator is heterodyned with the 
13,5-kHz output of a lower frequency master oscillator. 
The resulting 2700-Hz beat frequency is filtered and applied 
to the telephone line or other type of channel. Actual 
frequency-shift keying is done at 16.2 kHz. Similarly, the 
1500-Hz incoming tone is mixed with the 13.5-kHz master 
oscillator, and the 15-kHz sum frequency is filtered. This 
filtered frequency is then applied to the FSK receiver mod- 
ule, which includes a limiter and discriminator. The receiver 
module also contains a low-signal squelch that permits a 
mark and space output only if the signal level will produce 
a receiver output with very little distortion. 


Attenuator 
Noise Block 
| | Output to 
ro SKBU 
Noise 
Filter 
300-1000 Hz 
Poss Band Output to DB Meter 
and Alarm Relay 
Deterioration 
Tone In Detector Module 
1500 Hz 
+300 Hz Low Signal Block 
Frequency Shift 
Receiver Mark 
and Low Signai Space 


Squeich Module 


ISkKHZ 
Demodulator Receiver 
Filter 


Master Oscillator 
13.5kHZ 


Tone Out 
2700 £300Hz 


F-S i 
Key Oscillator Modulator 
16.2 KHZ Filter 


Figure 15-33: Type TA-2.2 Tone Transmitter and Receiver Block Diagrams. 
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The signal deterioration detector module, shown directly 
above the FSK receiver, drives a dB meter and alarm relay 
to indicate the signal level received from the remote trans- 
mitter, The assembly also includes a line-level and noise 
module, shown at the top of Figure 15-33, which monitors 
both the ambient noise in the 300-to-1000-Hz band and the 
entire channel frequency spectrum. Since this unit is the 
same as that used in the type TA3 tone receiver, Figure 
15-32 also applies to the type TA2.2 receiver. 


IV.D. Required Channel Delay Characteristics 


In applying type TA2.2 tones for phase-comparison relaying 
over any channel facility, two channel characteristics must 
be considered: (1) the absolute delay of the channel and 
(2) the envelope delay distortion of the channel. Absolute, 
or channel, delay is the propagation time of a signal over the 
channel. Envelope delay distortion is the variation in chan- 
nel delay over a given band of frequencies. 


As stated previously, the maximum permissible absolute de- 
lay for the 600-Hz bandwidth tone (exclusive of the TA2.2 
delay) is 3.5 ms. The maximum delay is 2 ms for the 340-Hz 
bandwidth tone. The envelope delay distortion between the 
mark and space frequencies of any one TA2.2 channel 
should be equal to or less than 500 ps. The larger the enve- 
lope delay distortion between mark and space, the less total 
phase comparison system margin will be available to com- 
pensate for misalignment of the power system 60-Hz quan- 
tities. 


IV.E. Type DIT-4 Digitone System for Segregated Phase 
Comparison Relaying 


An entirely different type of tone system is used for the 
segregated phase comparison relaying system described in 
Chapter 16. The DIT4 Digitone system is basically a multi- 
channel frequency-shift tone system. Each system (or chan- 
nel) is composed of four sub-channels, each of which is a 
basic frequency-shift tone channel. The sub-channels trans- 
mit information as four parallel bits, transmitted simultane- 
ously. The bits are coded to represent the information to 
be sent: guard, trip positive, or trip negative. In addition 
to the security of separate monitoring circuits, the coding 
technique itself enhances the security of the relaying sys- 
tem. 


Parallel transmission of data requires less complicated hard- 
ware. Since there is no need for sampling at the transmitter, 


there is no timing requirement at the transmitter. Also, 
there is no parallel-to-serial data conversion at the trans- 
mitter or receiver. Decoding the data words is on a contin- 
uous basis and requires only simple combinational logic. 


In terms of total reliability, parallel transmission of each bit 
through a narrow-band sub-channel is superior to serial (i.e., 
sequential) transmission through a wide-band channel. Both 
systems are roughly equal on a time-bandwidth comparison. 
White noise on the 3002 data channel (Table 15-XIX) will 
have an improved S/N ratio. Since the sub-channels are 
widely spaced across the frequency spectrum, concentrated 
impulse noise or a single interfering tone can affect only one 
bit of the four-bit code word. With serial transmission, the 
interfering energy may, because of its duration, encompass 
several bits of the same word. The probability of more than 
one bit being in error would then increase. The use of 
parallel-coded tones, then, provides a high degree of noise 
immunity as well as proper relaying in the presence of an in- 
terfering tone. 


The basic block diagram of a DIT Digitone system is 
shown in Figure 15-34. A single transmitter module con- 
tains the four frequency-shift transmitters, coupled to a 
single output. The transmitter module also contains logic 
to key each transmitter according to the code desired for 
the particular input. From the line termination module at 
the receiving location, the signals are fed to the four re- 
ceiver filter and automatic gain control (AGC) modules 
shown. Each filtered-out tone is then fed to its associated 
discriminator, which converts the signal to a dc voltage. 
The outputs of the four discriminators energize the logic 
module which, in turn, decodes the information into the 
proper trip and guard outputs. 


FSK 
Transmitter 


Logic 
Output 


Guard 
Trip + 


Receiver Filter 
and AGC-SCl 


Channel Between 
Line Terminals 


Trip - 


SC =Sub-Channel 


Figure 15-34: Block Diagram of DIT-4 Digitone System. 
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Figure 15-35 shows the channel and sub-channel frequency 
allocation on a Cl conditioned 3002 data line. The fre- 
quenices shown are for two channels (x and y) of DIT-4 
equipment and cover a frequency band from approximately 
700 to 2700 Hz. The actual grouping of sub-channel tones 
depends on the available wire-line facilities, whether two 
wire or four wire. 


Ea 
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Notes: 


X1,Xy. Xg, and Xq=Sub-Channels for Channel X Transmit or Receive 

Y1. Yo. Y3 and Yq= Sub-Channels for Channel Y Transmit or Receive 

Each Sub-Channel Contains One Bit or Four Bit Word, Each Bit Has Two States 
Logic O or Logic 1. The Four Bits of Channel X or Channel Y is The Total Transmit 
or Receive Channel for One Phase of The SPCU 

y=Logic O or 1 Frequency for Sub-Channel 

c=Sub-Channel Center 


Figure 15-35: Type DiIT-4 Audio Tone Channel and Sub-Channel Frequency 
Allocation on a C1 Conditioned 3002 Data Line. (Allocation 
Shown is for a Two-Wire Line or 4-Wire Transmit or 4-Wire 
Receive Channel) 


The above description covers the basic DIT-4 channel equip- 
ment. To protect against generation of erroneous informa- 
tion from excessive noise or low level, the following addi- 
tional protective measures are used in each sub-channel: 


a. Low-level detection 
b. High-level detection 
c. Signal-to-noise ratio 
d, Average level comparison 


In addition, an error-correcting code is required for the over- 
all system. 


IV.F. Wire-line Channel for Audio Tones 


In applying an audio tone system to a protective relaying 
channel, the physical makeup and protection of the pilot- 
wire channel must be considered. If the circuit is a leased 
pair, the user and cooperating telephone company must rec- 
ognize the severe requirements of the tone channel. For ex- 
ample, a burst of noise that causes only a click in a tele- 
phone receiver might incorrectly trip a circuit breaker. For 
this reason, operation of protective gaps must not introduce 
any appreciable noise onto the telephone line or privately 
owned pair. The recommended pilot-wire protection 
schemes shown in Figures 15-36 and 15-37 were developed 
with the above considerations in mind. 
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When installing a wire-line channel for an audio tone system, 
the following protective measures are recommended: 


a. A drainage reactor or equivalent should be used in all 


paths to ground. 


b. Where carbon blocks are used with a drainage reactor, 
they should be connected as shown in Figure 15-36b. 
Any noise generated when the carbon blocks flash over 
is then applied in common mode to both pilot wires. 
Failure to follow this recommendation, particularly 
when using a noise receiver, may result in squelch disa- 
bling the channel when the gap flashes over. 


c. The pilot-wire pair must be twisted separately from any 
other wires in the cable. 


d. Open-wire lines should not be used for any tone applica- 
tions. 

e. Any substantial length of wire between the pilot wire and 
the tone equipment should be shielded, and both ends of 
the shield grounded to the station ground mat. 


f. Surge protection should be used at the connection be- 
tween the wire line and the tone equipment. 


g. An isolating transformer, which also serves the purpose 
of impedance matching, should be included to protect 
personnel. 


The recommended connections and pilot-wire design for pri- 
vately owned two-terminal lines are shown in Figure 15-37. 
The preferred approach is to make the cable self-protecting, 
since the difference in installation cost for better cable insu- 
lation is relatively small. Good cable and messenger shield- 
ing will keep induced potentials to a reasonable level. The 
shielding factor should be 50 percent or less (actual induced 
voltage of 50 percent of calculated value, ignoring shielding 
effort. 


V. MICROWAVE CHANNELS 


Microwave space radio offers a communication channel for 
protective relaying systems with several inherent advantages: 


a. It provides a channel that is independent of the power 
line. Signals are thus unaffected by such disturbances as 
fault arcs or switching surges. 

b. Once the RF path is established, the incremental cost of 
adding channels is low. 


c. Because of the large modulation bandwidth at micro- 
wave frequencies, many wide-band channels are available 
for high speed solid-state protective relaying systems. 
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Power Station Area 


Telephone Central Office 


Isolation Transformer 


(See Note1) (See Note 4) 


Surge Protector 
= 


SS SS a 


Mounting sual 


See Note 2) A 


(See Note 3) 


(See Note 6) 


Central Office Ground 


A=Shielded Cable 
Station Ground Mat 


a) For Unexposed Line Power Station Area 


Twisted Polyethylene 


Lightning Arrester (Insulated Pairin Shielded Cable 


Telephone Central Office 


Isolation Transformer 


(See Note1) (See Note 3) 


Surge Protector 
Ai 


SSeS 


A=Shielded Cable 


b) For Exposed Line 


Station Ground Mat 
Notes: 


1) Primarity Used for Impedance Matching Purpose 

2) Western Electric Transformer Type 2239A or Equivalent 

3) Western Electric Drainage Reactor Type 2232A or Equivalent 
4) Unexposed Line (Maximum Exterior Distance about 75 Feet) 
Use Shielded Cable 


(See Note 2) A 


(See Note 3) 


(SeeNote5) 
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Central Office Ground 


Twisted Polyethylene 


Lightning Arrester (Insulated Pair in Shielded Cable 


5) Exposed Line With Exterior Distance over 75 Feet and Exposed to Lightning, 
Power System Contact and Power Induction. (Use Shielded Cable) 

6) Isolate Shield from Ground Until Out of Significant Influence of Station 
Ground Potential 


Figure 15-36: Recommended Protection of Terminal Equipment and Leased Cable Circuits for Tone Relaying Applications. 


Isolating Transformer 
(Note1) 1600 


Twisted Pilot 


Surge Wire Pair To 
Protector  lea—+4H6) | RARE SO Other 
(Note 2) Station 


Mounting 
Stud 


Station 
Ground Mat 


Z\= Shielded Cable 


Notes: 

1) These Connections Assume a Pilot Wire Zo=600 Ohms 

2) Completed Cable Field Test Voltage of 10 KV Dc for 10 Minutes From each 
Conductor to All Other Conductors and Sheath. Shielding Factor of 50% or 
Less, each Pair Twisted Separately. Ground Sheath to Station Mat at Both 
Ends and to Remote Ground at Each Splice 


Figure 15-37: Recommended Connections and Pilot Wire Design for 
Privately Owned Two-Terminal Lines. 


In general, any of the pilot relaying systems using power- 
line carrier or audio tone channels can also be applied to a 
microwave channel. The relaying information may be trans- 
mitted over the channel in one of two ways. First, a tone 
or sub-carrier can directly modulate the microwave fre- 
quency (baseband modulation). The sub-carrier may oper- 
ate at a frequency anywhere from audio up to several hun- 
dred kilohertz. Second, where more channels are needed, 
audio tones in the range of 400 to 3000 Hz may be applied 
directly to a voice channel. A voice channel is a sub-carrier 
arranged for voice or tone modulation, with frequencies up 
to about 3500 Hz. Using audio tones on a voice channel in- 
volves more equipment, but makes more telegraphic-type 
channels available over a given microwave path for relaying 
and control. 


Both types of microwave transmission are widely used for 
protective relaying. The microwave frequencies in use in- 
clude bands in the regions of 2, 6, and 12 GHz. 
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Transmission Line Relaying: 
Pilot Relaying and Tripping 
Systems for Circuit Breakers 


Author: R.E. Ray 


I. Introduction 


II. Classification of Pilot Systems 


A. By Channel Use 
B. By Fault Detection Principle 


III. Directional Comparison Pilot Relaying Systems 


Directional Comparison Blocking Systems 
Directional Comparison Unblocking Systems 
Overreaching Transfer-Trip Systems 
Permissive and Non-Permissive Underreaching 
Transfer-Trip Systems 

Summary of Directional Comparison Pilot 
Relaying Systems 
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IV. Phase Comparison Pilot Relaying Systems 


A. Single Phase Comparison Blocking System 
1. Current-Only Comparison 
2. Distance-Supervised Comparison 

B. Dual Phase Comparison Unblocking System 

1. Current-Only Comparison 

2. Distance-Supervised Comparison 

Dual Phase Comparison Transfer-Trip System 

Segregated Phase Comparison System 

1. Audio Tone Channels 

2. Power Line Carrier Channels 

E. Summary of the Phase Comparison Pilot 
Relaying Systems 
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V. Additional Security and Protection Techniques 


A. Transient Blocking 

B. Loss of Voltage 

C. Open Breaker Logic for the Unblock and 
Transfer-Trip Pilot Systems 


VI. Selecting a Pilot Transmission Line Relaying System 


A. Channel Selection 

B. Relaying Systems with Microwave or Tone 
Channels 

Relaying Systems with Frequency-Shift Carrier 
Channels 

Relaying Systems with On-Off Carrier Channels 
Additional System Options 

Choice of Reclosing System 
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VII. Tripping Systems for Circuit Breakers 


A. Independent Pole Tripping 
B. Singlie-Pole Tripping 
1. KQS-KDAR Single-Pole Tripping System 
2. Segregated Phase Comparison Single-Pole 
Relaying 
3. Reclosing for Single-Pole Tripping 
C. Selective Pole Trippirig 
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I. INTRODUCTION 


The protective relay systems used with the pilot channels 
discussed in Chapter 15 are designed to provide high speed 
simultaneous tripping of all line terminals for all internal 
faults. Non-pilot relaying, as previously noted, usually pro- 
vides high speed simultaneous protection for only 70 to 80 
percent of the faults in the middle section of the line. For 
faults occurring in the end zone, the terminal nearest the 
fault will clear the line at high speed. The terminal remote 
from the fault, however, will clear the line with time delay 
unless system conditions provide high speed sequential trip- 
ping. Pilot protection, on the other hand, provides high 
speed protection for 100 percent of the protected line in- 
dependent of system conditions. 


There are several advantages to high speed simultaneous 
clearing at all line terminals for all line faults: 


a. Reduced possibility of line damage and conductor 
burndown. 


b. Improved transient stability of the power system. 


c. Permits high speed reclosing, which, if successful, im- 
proves transient stability, minimizes outage time, and 
improves voltage conditions on portions of the system 
load. 


The following discussion covers two-terminal lines only, al- 
though the basic principles apply to multi-terminal lines as 
well. (See Chapter 17.) Pilot wire protection is covered in 
Chapter 14. 


II. CLASSIFICATION OF PILOT SYSTEMS 


Pilot relaying systems can be classified according to channel 
usage or the fault detection principle used. 


II.A. By Channel Use 


In terms of channel use, all pilot systems are either blocking 
systems or transfer-trip systems. 


VUI. Breaker Pole Disagreement Protection 


IX. Direct Transfer-Trip Systems 


Transformer Protection 

Shunt Reactor Protection 

Remote Breaker-Failure Protection 
Direct Trip Channel Considerations 
Application of Frequency Shift (FSK) for 
Direct Trip 

1. Channel Bandwidth 

2. Dual Channel System 

3. Channel Protection 


MOPS 
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In the blocking systems, the channel is used only to prevent 
one or more terminals from tripping on external faults. A 
channel signal is not required for internal faults; that is, trip- 
ping occurs in the absence of a channel signal. 


In the transfer-trip systems, a channel signal must be trans- 
mitted and received before tripping occurs on internal faults. 
No channel signal is required for external faults. 


11.B. By Fault Detection Principle 


In general, faults are detected using either directional com- 
parison systems or phase comparison systems. Either type 
of system can use any of the communication channels com- 
monly available—power line carrier, microwave baseband, 
audio tones on microwave, single side band carrier, or 
leased lines. 


In the directional comparison systems, fault detecting re- 
lays compare the direction of power flow at the two line 
terminals. Power flow into the line at both terminals indi- 
cates an internal fault, and the line is tripped. If the power 
flow is into the line at one end and out of the line at the 
other end, the fault is considered to be external, and the 
line is not tripped. 


The phase comparison systems generally use overcurrent 
fault detecting relays to compare, via the channel, the rel- 
ative phase of the currents at the terminals. If the currents 
at the terminals are relatively in phase, an internal fault is 
indicated, and the line is tripped. If the currents at the 
terminals are relatively 180° out of phase, an external fault 
or through-load current is indicated, and the line is not 
tripped. 


II. DIRECTIONAL COMPARISON PILOT 
RELAYING SYSTEMS 


Directional comparison schemes normally use directional- 
distance fault detectors for phase faults with directional- 
overcurrent or directional-distance fault detectors for 
ground faults. These relay schemes can be divided into 
four categories: 


a. Directional comparison blocking systems 
b. Directional comparison unblocking systems 
c. Overreaching transfer-trip systems 


d, Permissive or non-permissive underreaching transfer- 
trip systems. 


The fundamentals of each system will be described in terms 
of the most commonly used channel. Systems are not 
limited to a single type of channel, and in fact, are often 
adapted to other channel types. 


IIL.A. Directional Comparison Blocking Systems 


The basic elements and simplified logic diagram for direc- 
tional comparison blocking systems are shown in Figure 
16-1. At each terminal, the phase and ground trip units 

(P) must be directional and set to overreach the remote 
terminal; that is, they must be set to operate for all inter- 
nal faults. Nominal settings of the distance units are 120 to 
150 percent of the line. The start units (S) must reach far- 
ther, or be set more sensitively, than the remote trip units. 
Thus S; must be set more sensitively than P> or reach far- 
ther behind busG. Likewise, S> must be set more sensitively 
than Py or reach farther behind bus H. In any case, the 
S and P relays should be similar in type. If the trip unit (P) 
is a directional overcurrent ground relay, the start (S) 
ground relay should be a similar non-directional overcurrent 
unit. The same principle applies for the phase relays. 


The on-off power line carrier is the channel almost always 
used with these schemes. Except for possible auxiliary func- 
tions, no signal is normally transmitted, since the S units op- 
erate only during fault conditions. Without auxiliary func- 
tions, a single-frequency channel may be used; or with other 
channel usage, a separate channel can be provided in each 
direction. 


Operation of the directional comparison scheme shown in 
Figure 16-1 is given in Table 16-I for both external or inter- 
nal faults. (Subscript 1 indicates relays at station G for 
breaker 1; subscript 2, relays at station H for breaker 2.) 


The scheme shown in Figure 16-1 is still widely used for its 
flexibility and reliability. Since the communication chan- 
nel is not required for tripping, internal faults that might 
short and interrupt the channel are not a problem. Over- 
tripping will occur, however, if the channel fails or is not 
established for external faults within the reach of the trip 
fault detectors. Since the carrier transmitter is normally 
OFF, or non-transmitting, channel failure cannot be de- 
tected until the system is tested or until an external fault 
occurs. This limitation has led to the development of a 
number of check-back schemes. In practice, the reliability 
of modern power line carrier equipment and channels 
makes the cost of added check-back and maintenance a 
questionable investment. 
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Table 16-I 


Operation of Directional Comparison Schemes 
for External and Internal Faults 
(See Figure 16-1) 


Events at Events at 
Type of Fault Station G Station H 


External (F p)* P operates, S) 
does not see 


S5 operates to 
key transmitter. 
fault. Blocking Blocking signal 
signal received 
from station H. 
RR back contacts 
open (or 1 signal 
negates AND). No 


trip. 


sent to station G. 
Py does not see 
fault. No trip. 


Internal (Fy) P, operates. S) 
may or may not 
operate, but Py 


operation pre- 


P, operates. S5 


may or may not 
operate, but Py 
operation prevents 
vents transmission | transmission of 

of a blocking 
signal. Breaker 1 
tripped. 


a blocking signal. 
Breaker 2 tripped. 


*For external faults, the CS unit or timer x/o assure that a blocking 
signal is established. 


II.B. Directional Comparison Unblocking Systems 


Directional comparison unblocking systems transmit a con- 
tinuous blocking signal, except during internal faults. That 
is, the S channel start-fault detectors are not required. The 
channel is generally a frequency-shift (FSK) power line 

carrier. A blocking (guard) frequency is transmitted contin- 
uously during normal conditions. For an internal fault, the 


FSK transmitter is shifted to the “unblock” (trip) frequency. 


The transmitted power in many applications is normally 
1 W, boosted to 10 W during unblock operation. 


The frequency-shift channel is monitored continuously to 
prevent tripping when a loss of channel occurs. The carrier 
receiver logic is shown in Figure 16-2. Under normal con- 
ditions, a block frequency is transmitted and OR-1 has no 
input. Since AND-1 and AND-2 are not satisfied, OR-2 is 
not energized. For an internal fault, the block frequency is 
removed. Assuming that the unblock signal is shorted out 
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Figure 16-1: Basic Elements and Simplified Logic Diagram for The 
Directional Comparison Blocking Systems. 
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Figure 16-2: Simplified Unblock Receiver Logic. 


by the fault, OR-1 provides a direct input to AND-2 to sat- 
isfy its input requirements for 150 ms. AND-2 inputs to 
OR-2 to operate RR or to provide input to the AND shown 
in Figure 16-3. Without an unblock signal, 150 ms is al- 
lowed for tripping. After this period, lock out is initiated 
as one of the inputs to AND-2 is removed. This resets RR 
or removes the input to AND in Figure 16-3. 
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If the unblock signal is received, it inputs directly to OR-2 

to energize RR or to provide input to AND in Figure 16-3. 
The unblock signal also removes an input to AND-1 to stop 
the timer. 


A channel failure (no block or unblock signal) provides in- 
put to AND-1 and, after 150 ms, locks out the relaying and 
triggers an alarm. 


The operation of the scheme shown in Figure 16-3 is given 
in Table 16-II for external and internal faults. The phase 
and ground trip fault detectors at both stations must oper- 
ate for all internal faults; that is, they must overreach the 
remote bus. 


The reliability and security of directional comparison un- 
blocking systems make them the most attractive of the pro- 
tective schemes for transmission lines using power line car- 
rier channels. Overtripping is avoided by continuous block- 
ing and continuous channel monitoring. Only the failure 
of a channel within 150 ms of an external fault can result 
in overtripping. 


Table 16-I1 
Operation of the Directional Comparison Unblocking 


Scheme for External and Internal Faults 
(Figure 16-3) 


Events at Events at 
Type of Fault Station G Station H 


External (Fy) 


Py operates; fy 
channel shifts to 
unblock. f, chan- 


Py does not see 
fault. Loss of 
block and/or 

receipt of un- 
block (f)) oper- 

ates RR or inputs 
AND. No trip. 


nel continues to 
block. No trip. 


Internal (F,) Py operates; fy Ps operates; f, 


channel shifts to 
unblock. Loss of 
block and/or 
receipt of unblock 
(f,) operates RR 
or inputs AND. 
Trip. 


channel to un- 
block. Loss of 
block and/or re- 
ceipt of unblock 
(f2) operates RR 
or inputs AND. 

Trip. 


The scheme is most appropriate for two-terminal lines but 
is applicable to multi-terminal lines. Separate channels are 
required between each terminal and the remote terminal(s). 
With a narrow-band frequency-shift carrier, significant chan- 
nel spectruin is not required on two terminal lines. The 
channel from a terminal with an open breaker must be in 
the unblock mode as long as the breaker is open. 


Directional comparison unblocking schemes for multi- 
terminal lines with weak feed are discussed in Chapter 17. 


III.C. Overreaching* Transfer-Trip Systems 


Transfer-trip systems, which require a channel signal to trip, 
generally are not used with power line carrier in the U.S.A. 
It is possible for an internal fault to inhibit or short out the 
trip signal. Use of power line carrier channels on adjacent 
lines, while possible, is not practiced. In general, overreach- 
ing transfer-trip systems are used with a frequency-shift 
audio tone, modulated on a communication channel such 
as private or public telephone lines or microwave. 


*All overreaching transfer-trip systems are permissive. 


Transfer-trip receiver logic is shown in Figure 16-4. Nor- 
mally, the audio tone operates in the guard state, with no 
output from the trip state. In other words, there is no 
AND-1 output. When the tone is shifted to trip, the ab- 
sence of a guard signal and the presence of a trip signal op- 
erate AND-1, energizing either RR or the AND shown in 
Figures 16-5 and 16-6. 
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Figure 16-4: Simplified Transfer Trip Receiver Logic. 
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Figure 16-5: Basic Elements and Simplified Logic Diagrams for The 
Over-Reaching Transfer Trip Systems. 
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Loss of the channel which results in no output from both 
the guard and the trip states operates. The 150/150 timer 
through OR-1 and OR-2, locking out the relaying and ener- 
gizing an alarm after 150 ms. An output from either the 
guard or the trip to OR-1 will not input a signal to OR-2. 
As long as there is no guard signal, the lockout signal is 
maintained through AND-2. When the guard signal returns, 
the timer is deenergized and resets itself after 150 ms. This 
feature is known as guard return. 


Operation of the overreaching transfer-trip system shown in 
Figure 16-5 is given in Table 16-III for both external and in- 
ternal faults. The phase and ground trip fault detectors at 
both terminals must be directional] (looking into the line), 
and must operate for all internal faults, as indicated by the 
P arrows. 


Overreaching transfer-trip systems provide highly secure 
transmission line protection. Both a trip signal from the re- 
mote terminal and the local fault detector operation are re- 
quired for tripping. Dependability tends to be less than that 
of the blocking system, however, because transmission of a 
signal is required for tripping. 


Table 16-III 


Operation of the Overreaching Transfer-Trip 
System for External and Internal Faults 
(Figure 16-5) 


Events at Events at 
Type of Fault Station G Station H 


External (Fp) 


Py operates. Trans- Py does not see 


fer-trip signal (f)) fault. Transfer- 


keyed to station H. | trip (f,) from 


Transfer-trip signal | station G operates 
RR or inputs AND. 


No trip. 


(f5) not received 


from Station H. 
No trip. 


Internal (Fy) Py operates. Trans- 
fer-trip signal (f)) 


keyed to station H. 


P, operates. Trans- 


fer-trip signal (f5) 


keyed to station G. 


Transfer-trip from 
station H (f5) 
operates RR or 
inputs to AND. 
Trip. 


Transfer-trip (fy ) 


from station G 


operates RR or 
inputs to AND. 
Trip. 


Ill.D. Permissive and Non-Permissive Underreaching 


Transfer-Trip Systems 


The same type of channels are used for the underreaching 


systems as for the overreaching systems described above. 


For the underreaching systems, however, the directional 


phase and ground trip fault detectors (P) must be set to 


overlap within the line and not overreach any terminals 
(Figure 16-6). That is, at least one trip fault detector (P) 


must operate for all internal faults, and none should operate 
for any external fault. In practice, distance relays are nor- 


mally required for both ground faults and phase faults, al- 


Though it is the least complex, the non-permissive system 
is rarely used because of the high potential for false outputs 
from the channel, which would cause incorrect tripping. If 
a non-permissive system is used, the channel considerations 
should be as described later for direct trip systems. The 
system is made permissive by the additional set of phaseand 
ground overreaching fault detectors (FD), which must oper- 
ate for all internal faults (Figure 16-6). 


Operation of the underreaching transfer-trip scheme shown 
in Figure 16-6 is given in Table 16-IV for external and inter- 
nal faults. 


though directional instantaneous ground-overcurrent relays 


might meet these requirements in some cases. 
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Figure 16-6: Basic Elements and Simplified Logic Diagrams for 
The Permissive and Non-Permissive Under-Reaching 
Transfer Trip Systems. 


Table 16-IV 


Operation of Underreaching Transfer-Trip 
Schemes for External and Internal! Faults 


(Figure 16-6) 


Events at Events at 
Type of Fault Station G Station H 


External (Fp) 


Internal (Fp) 
(Fault near 
station H) 


Py does not oper- 
ate. No channel 
signal sent to H. 
No trip. 


Py does not oper- 
ate. No channel 
signal sent to H. 
*(FD, operates.) 
Transfer-trip (f5) 
from station H 
operates RR or in- 
puts to AND (or 
OR if non-permis- 
sive). Trip. 


*Omitted in non-permissive systems. 


Since the trip fault detectors (P) do not operate for external 


P, does not oper- 
ate. No channel 
signal sent to G. 
No trip. 


P, operates and 
trips directly. 
Transfer-trip sig- 
nal keyed to sta- 
tion G. *(FD, 
operates.) Trip. 


faults, underreaching transfer-trip systems do not require 


external fault-clearing coordination circuits (transient 


blocking), and are, therefore, inherently simpler than any 


of the other schemes. Maximum security is obtained if ad- 
ditional permissive fault detectors are used. These schemes 
also provide minimum operating times for many faults that 
are tripped directly, without using the channel. 


I.E. Summary of Directional Comparison Pilot 
Relaying Systems 


The four systems described above are by far the most com- 
monly used. The channels described are those around 
which the system was designed and represent the most com- 
mon usage. Other channels may be used, however. 


All four systems are currently used and have good reliability. 
Blocking systems tend to be more dependable, while 
transfer-trip systems are more secure. The unblocking sys- 
tem combines the dependability of blocking systems with 
the security of transfer-trip systems, providing a highly reli- 
able directional pilot relaying system for transmission lines. 


IV. PHASE COMPARISON PILOT 
RELAYING SYSTEMS 


The basic elements of the phase comparison systems are 
shown in Figure 16-7. Except for the segregated phase sys- 
tem, all systems use a composite sequence current network 
to provide a single phase voltage output proportional to the 
positive, negative, and zero sequence current input. As de- 
scribed in Chapter 3, sensitivity to different types of faults 
depends on the weighting factors or constants designed into 
the sequence current network, or filter. Adjustments to the 
filter are provided. 


A squaring amplifier converts the single phase voltage out- 
put to a square wave. The positive voltage portion corre- 
sponds to the positive half-cycle of the filter voltage wave, 
and the zero portion corresponds to the negative half-cycle. 
The square wave is used to key the channel to the remote 
terminal. The square wave from the remote terminal is com- 
pared to the local square wave, which has been delayed by 
an amount equal to the absolute delay time of the channel. 
This comparison of the local and remote square waves at 
each terminal determines whether a fault is internal or 
external. 


Fault detectors are used to determine whether a fault has 


occurred and to supervise tripping. The systems, in other 
words, are permissive. The fault detectors must be over- 
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Figure 16-7: Basic Elements of The Phase Comparison Pilot 
Relaying Systems. 

reaching—that is , set sensitively enough to operate for all 

internal phase and ground faults. 


Since overcurrent fault detectors are normally used, voltage 
transformers are not required. Such a scheme is current- 
only. Fault detectors should be set above maximum load, 
yet operate for all internal faults. On heavily loaded or long 
lines, it may not be possible to meet this criterion. Distance 
fault detectors, which require voltage transformers, are used 
in such cases. 


Phase comparison systems fall into the following four cate- 
gories, with major differences relating to channel equipment 
and the sequence filter output mix: 


a) Single phase comparison blocking 
b) Dual phase comparison unblocking 
c) Dual phase comparison transfer-trip 


d) Segregated phase comparison. 


With the exception of segregated phase comparison systems, 
which are always current-only, all of the above schemes can 
use either current-only or distance-supervised comparison. 
Again, the systems will be discussed according to the chan- 
nel facilities most often used; other channels can be and are 
sometimes used. 
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IV.A. Single Phase Comparison Blocking System 
IV.A.1. Current-Only Comparison 


Current-only comparison is generally used with an on-off 
power line carrier channel. In the current-only system, two 
overcurrent fault detectors, FD, and FD), are used. FD,, 
the carrier start unit, is set more sensitively than F D> and 
permits the local square wave signal to key the on-off car- 
rier transmitter. FDp, set with a higher pickup than FD,, 
is used to arm the system for tripping. For transmission 
lines less than 100 miles long, the FD, pickup is set at 125 
percent of FD. For lines longer than 100 miles, the FD, 
pickup is set at 200 percent of FD). On a three-terminal 
line, FD, is set at 250 percent of FD), provided the line 
length between any two breakers is less than 100 miles. 
Phase comparison cannot occur until FD, operates. The 
purpose of the two fault detectors is to coordinate the key- 
ing of the carrier square wave with the comparison of the 
local and remote square waves. To ensure that the carrier 
system has received the remote square wave, the carrier 
must be started before the comparison is allowed. 


The basic operation of the system is shown in Figure 16-8. 
FD, and FD, at both terminals operate for an internal 

fault (Fy). The square wave inputs to the AND from the 
local currents are essentially in phase with those transmitted 
via the channel from the remote terminal. The local square 
wave turns the carrier on and off to provide the square wave 
receiver output for the remote terminal. 


A flip flop is energized if the inputs to the AND continue 
for 4 ms, providing a continuous trip output supervised by 
FD, operation. The 4 ms correspond to a phase angle dif- 
ference of 90°, ona 60-Hz base, between the currents at 
the two terminals. Thus, the system will trip if the currents 
at the two terminals are out of phase by up to 90°. Since 
the receipt of a signal from the channel prevents tripping, 
this is a blocking system. The carrier signal, therefore, does 
not have to be transmitted through the internal fault. No 
received signal puts a 1 on the AND input. With the remote 
terminals open, this system provides sensitive instantaneous 
overcurrent protection for the entire line. As is characteris- 
tic of blocking systems, the channel is not required for trip- 
ping on internal faults. 


For an external fault, such as Fe in Figure 16-8, blocking is 
essentially continuous, since the remote wave input to the 
AND is out of phase with the local square wave. Normally, 


the through currents to an external fault are essentially in 
phase. The currents can, however, be out of phase by up 
to 90° on a 60-Hz base and still block. 
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Figure 16-8: Basic Operation of The Single Comparer Phase 
Comparison Pilot Relaying System. 


IV.A.2. Distance-Supervised Comparison 


A distance-supervised scheme should be used if the mini- 
mum internal three-phase fault current is less than twice 

the maximum load current.* This system uses the same 
on-off channel and operates in the same way as the current- 
only scheme, except for the fault detection and arming tech- 
niques, 


*Twice maximum load current allows FD, to operate positively on 
the minimum internal three-phase fault, yet reset when an external 
fault is followed by maximum load current flowing through the 
line. 


Two sequence current networks (filters) and two distance 
relays supplement the two overcurrent fault detectors. 

One sequence current network responds only to negative 
and zero sequence currents, detecting all phase-to-phase and 
ground faults (but not three-phase faults). The output of 
this adjustable network operates the conventional overcur- 
rent FD, and FD, fault detectors. The two distance relays 
operate only for three-phase faults. Thus, FD, provides the 
arming function for all unbalanced phase and ground faults 
through the adjustable filter, and one of the distance relays 
(21P) provides arming for all three-phase faults. 


The second and non-adjustable sequence current network 
operates through the squaring amplifier, providing the local 
square wave and the carrier-keyed square wave required for 
phase comparison. This signal is keyed by FD, and the sec- 
ond distance relay (21S) to provide the carrier start func- 
tions. This second network responds to positive, negative, 
and zero sequence currents. Separate networks provide 
greater sensitivity: with phase-to-phase faults, for example, 
more than twice the sensitivity is gained. 


The setting coordination of FD, and FD, overcurrent units 
is the same as for the current-only system. Settings for the 
two three-phase distance units are shown in Figure 16-9. 
Both 21S and 21P distance relays must be set to overreach 
both the local and remote terminal buses; 21S must be set 
further than 21P, as shown. 


IV.B. Dual Phase Comparison Unblocking System 


IV.B.1. Current-Only Comparison 


Phase comparison on both half-cycles of the power system 
current wave can provide faster tripping and narrower oper- 
ating time margins than can the single comparison types. 
For example, if an internal fault occurs a half-cycle later 
than shown in the block diagrams in Figure 16-8, tripping 
cannot occur for 4 ms after that half-cycle—or for 12 ms 

in a 60-Hz system. 


Dual comparison systems require a duplex channel, one 
frequency for each line terminal. Frequency-shift channel 
equipment is available for this purpose; frequency-shift 
power line carrier is normally used in an unblocking system. 
Continuous channel monitoring is also provided, since either 
a mark or space carrier signal should always be transmitted. 


Continuous signal transmission eliminates the need for car- 
rier start-fault detection. The transmitter is keyed to its 


16-9 


\ 


x— 21S at Breaker 2 


2\P at Breaker } 


R 


> 21S at Breaker | 


Zc eae 21 Pat Breaker 2 


Note: Solid Circles are Settings for Breaker 1 
at Bus G; Dotted, for Breaker 2 at Bus H. 


Figure 16-9: Distance Relay Settings for The Distance Supervised 
Phase Comparison Blocking Systems. (ZA is The 
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mark frequency when the square wave from the filter goes 
positive, and is keyed to its space frequency when the 
square wave is at zero. There are two outputs at the re- 
ceiver: the “‘mark” output is a square wave that goes posi- 
tive when a mark frequency is received; the “space” output 
goes positive when a space frequency is received. 


The basic operation of the dual phase comparison system 
is shown in Figure 16-10. For internal faults, the single 
phase outputs of the sequence current networks are essen- 
tially in phase, although such output represents currents 
180° apart in the power system. The network output goes 
through a squaring amplifier that keys the frequency shift 
transmitter. An adjustable delay circuit delays the local 
square wave by a time equal to the channel delay time. 


The network output is then used to develop two comple- 
mentary square waves. One wave, which has positive state 
during the positive half-cycle of the sequence current net- 
work, is compared with the receiver’s mark output. The 
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other wave, which has positive output during the negative 


half-cycle of the sequence current network, is compared 


to the receiver’s space output in a second comparison 


circuit. 
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Figure 16-10: Basic Operation of The Dual Phase Comparison 


Pilot Relaying System. 


On internal faults, the positive half-cycle of the local square 
wave lines up with the received mark output to provide an 
AND-1 output (Figure 16-10). On the negative half-cycle, 
this local square wave lines up with the received space out- 
put to provide an AND-2 output. If an arming signal is re- 
ceived (FD, and/or 21P) and either AND-1 or AND-2 out- 


put exists for 4 ms, an input to the trip flip flop initiates 
breaker tripping. The same operation occurs at both ter- 
minals, tripping breakers 1 and 2 simultaneously on either 
half-cycle of fault current. 


For tripping, both the mark and space frequencies must be 
transmitted through the internal fault via power line carrier 
channels. If these frequencies are not received, the receiver 
detects a loss of channel and clamps both the mark and 
space outputs to a continuous positive state. This loss of 
channel clamp enables both comparison circuits, allowing 
the system to trip on the local square wave input only. 
After 150 ms, both outputs are clamped to the zero state. 
At this point, the system cannot trip and is locked out; an 
alarm indicates loss of channel. 


For external faults, the reversal of current at one end shifts 
the square waves essentially 180°. Asa result, neither 
AND-1 nor AND-2 has the sustained output required to op- 
erate the 4-ms timer (Figure 16-10). No trip occurs at 
either line terminal. 


IV.B.2. Distance-Supervised Comparison 


Distance supervision is required on long and heavily loaded 
transmission lines whose minimum internal three-phase 
fault current is less than 1.5 times the maximum load cur- 
rent. Two sequence current networks are used with a single 
distance relay (21P) for operation on three-phase faults. 
The adjustable sequence network, which responds only to 
negative and zero sequence currents, operates FD, for the 
overcurrent arming function on all unbalanced phase and 
ground faults. For all three-phase faults, the distance relay 
and KD-3 or SKDU-3 (21P) provides the arming input di- 
rectly. 


The second sequence network which is non-adjustable— 
responds to positive, negative, and zero sequence. This net- 
work operates the squaring amplifier to provide the local 
and carrier-keyed square wave. The operation of this sys- 
tem is the same as that shown in Figure 16-10, except for 


the arming functions. 


Since this system is permissive, FD, overcurrent or 21P 
distance trip units must operate for all internal faults. 21P 
is set as shown in Figure 16-9. FD, and 21S start units are 
not required with the continuously operated frequency- 
shift channels, 


IV.C. Dual Phase Comparison Transfer-Trip System 


These transfer-trip systems operate in the same way as the 
dual phase comparison unblock systems described above, 
except for the channel. The comparison can be either 
current-only or distance supervised. 


Frequency-shift audio tones are used over a non-power line 
carrier channel used in the transfer-trip mode. For the sys- 
tem to trip on internal faults, the mark and space signals 
must be received correctly. If channel signals are not re- 
ceived, the receiver mark and space outputs are clamped to 
zero, locking out the system and actuating an alarm. 


The absolute delay time of the channel used with these 
tones must be kept to a minimum. Otherwise, the local 
square wave phase delay cannot compensate for the chan- 
nel delay. 


IV.D. Segregated Phase Comparison System 


The segregated phase comparison system has been devel- 
oped to improve pilot relay protection, particularly for the 
long EHV series capacitive-compensated transmission lines. 
Long EHV series capacitive-compensated lines are a source 
of significant transients during the fault period. Figure 
16-11 shows the phase and ground currents recorded at the 
terminals of a 180-mile, series capacitor-compensated, 
500-kV line during an external three-phase fault. These cur- 
rents are quite typical and illustrate the high wave form dis- 
tortion that is encountered. 


Under these circumstances, sequence current networks de- 
signed to operate at normal system frequency may present 

a problem. The experience with these phase comparison 
systems has, however, been remarkably good. Directional 
comparison systems, on the other hand, are subject to mis- 
operation on series capacitor-compensated lines—particularly 
if the capacitor gaps do not short the capacitors on faults. 


Segregated phase comparison systems, which are current- 
only, are independent of the following phenomena: 


a) Power system frequency and wave form 


b) Effects of impedance unbalance between the power sys- 
tem phase circuits 


c) Maximum load/minimum fault current margin. 
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Figure 16-11: Phase and Ground Currents at The Terminals of a 
180 Mile, 500 Kv Series Capacitor Compensated 
Transmission Line for an External Three Phase Fault. 


The segregated phase comparison system can be divided 
into two types: a two-subsystem scheme and a three- 
subsystem scheme. In the two-subsystem scheme, one sub- 
system operates from delta current (1-1) for all multi- 
phase faults, and a ground (31) current subsystem operates 
for all ground faults. The three-subsystem scheme has a 
subsystem for each phase (l,; Ip: and I). 


Both segregated phase comparison systems incorporate 


> 


“offset keying,” enabling them to trip for internal 
high-resistance ground faults and internal faults with 
outfeed at one terminal. No other system can clear 
these types of faults without extra logic or channels. 

On a 500-kV line with a 2000:5 current transformer ratio, 
for example, the three-subsystem scheme will operate for 
ground-fault resistances up to about 100 ohms primary im- 
pedance. Under the same conditions, the two-subsystem 
scheme will operate up to about 200 ohms primary fault 


resistance. 


The two-subsystem package is suitable for all applications 
except single-pole tripping, where the three-subsystem pack- 
age must be applied. The basic operation of the scheme is 
illustrated in Figure 16-12. Each current is fed through a 
non-inductive resistor, supplying a voltage output to the 
squaring amplifier (SA) that is exactly proportional to the 
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primary currents. The output of these amplifiers is used to 
key the individual channels and, through the local delay 
timers (LDT), to provide the local square waves for compar- 
ison. The timers are adjustable between 2 to 20 ms to com- 
pensate for the delay time of the channel. This digital de- 
lay circuit translates the pulse train independently of the 
pulse width ratio, in contrast to the ac phase angle shift 
used in the other systems. The ac phase shift delay uses 
frequency-dependent components, which are accurate only 
at system frequency and can “ring” during transient condi- 
tions. 
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a) The Three Sub-System (lq, Ib. I¢) SPCU System 
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Figure 16-12: Basic Segregated Phase Comparison Systems. 


The square wave comparison is made independently for 
each current in the separate subsystems. Separate channels 
are required for each of the subsystems. One of the com- 
parison circuits is shown in simplified form in Figure 16-13. 
In this dual comparison circuit, AND-P is used for the posi- 
tive half-cycles and AND-N for the negative half-cycles. As 


shown in Figure 16-13, the received positive square wave 


corresponds to a 1 input to AND-P and the received nega- 
tive square wave to a 0 input, negated to 1, into AND-N. 
Except for this variation, operation is as shown by the 
square wave blocks in the lower half of Figure 16-10. 
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Figure 16-13: Basic Operation of The Segregated Phase 
Comparison System. 


To generate the local and keying square waves, conven- 
tional phase comparison systems use thresholds equivalent 
to (or very near) the zero-axis. Asa result, an internal fault 
with outfeed looks like an external fault to those systems 
(Figure 16-14). The offset keying technique permits the 
SPCU relay to trip for internal faults with outfeed~-current 
out at one terminal. While the outfeed condition is very 
unusual, it presents difficult problems to the great majority 
of pilot relaying systems when it does occur. Outfeed can 
occur in any of the following cases: 


a. Series-compensated parallel lines 


b. Weak-feed or zero-feed applications, particularly with 
heavy through load 


c. Some multi-terminal applications (see Chapter 17) 


d. Series-compensated (line-end compensation) line with a 
source inductive reactance smaller than series capacitor 
reactance 


e. Some single-line-to-ground faults, occurring simultane- 
ously with an open conductor, where the fault is on one 
side of the open conductor 


f. Some single-line-to-ground faults with high fault resist- 
ance and heavy through load.* 
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Figure 16-14: Conventional Phase Comparison Response to an 
Outfeed Condition Block Tripping. 


The offset keying technique allows the SPCU relay to work 
like a true current differential scheme. The scheme takes 
advantage of the fact that, for the outfeed condition, the 
current into the line is greater in magnitude than the current 
out of the line for the internal fault. 


This relationship is illustrated in Figure 16-14, where Ig 
equals Ip plus Ty While the two terminal currents may have 
any angular relationship with one another, most outfeed 
conditions display a nearly out-of-phase relationship. The 
out-of-phase condition illustrated is the most difficult case 
for phase comparison, as well as the most common outfeed 
condition. 


In the offset keying technique, the keying threshold is dis- 
placed in the positive direction, away from the zero-axis. 
The local square wave thresholds are displaced negatively. 
To maintain security, the local thresholds are separated 
from each other, providing “nesting” during external faults. 
Typical settings are shown in Figure 16-15. 


Figure 16-16 illustrates the square wave characteristics of 
the SPCU with offset keying for normal internal faults, ex- 
ternal faults, and internal faults with outfeed. 


The SPCU segregated phase comparison scheme incorpo- 
rates a high degree of security. Its design is based on exten- 
sive field experience and model line tests for the very long, 
series capacitor-compensated EHV lines. 


*Such conditions can cause outfeed only in the faulted phase cur- 
rent, not in the ground subsystem. 
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Figure 16-15: Typical Threshold Setting for Offset Keying. 


Output trip signals are supervised by an arming input and a 
number of security checks (Figure 16-13). Phase arming is 
performed by a current rate-of-change detector that re- 
sponds to sudden increases, decreases, or angular shifts in 
current. It operates on current changes of 0.5 A or more, 
with an operating time of 2 ms. Ground arming is 31g 
magnitude—typically 0.8 A secondary. 


Security checks to comparison AND (Figure 16-13) include 
(1) low channel signal blocking, (2) lockout for sustained 
low channel signal, (3) channel noise clamp, and (4) receive 
guard block. For the phase subsystems, a trip signal occurs 
if comparison AND has an output for more than 3 ms (4 ms 
for the ground subsystem). 


The segregated phase comparison system may be used over 
type DIT-4 audio tones, or over a power line carrier using 
type TCF carrier equipment. 


IV.D.1. Audio Tone Channels 


The DIT-4 tones may be applied to a microwave system or 
to telephone lines (see Chapter 15). When using the DIT-4 
tones for a segregated phase comparison system, the pre- 
ferred total channel space for the system is two four-wire 
channels. However, three two-wire channels will provide 
adequate space for the three-subsystem SPCU. One four- 
wire channel or two two-wire channels is required for the 
two-subsystem SPCU. Each channel must be equivalent to 
a 3002 data line with Cl conditioning, as described in 
Chapter 15. Maximum propagation delay of the channel 
(not including the DIT-4 delay) should be 5.5 ms or less. 
Several more milliseconds’ delay can, however, be handled 
by special arrangements. 
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Figure 16-16: Response of Segregated Phase Comparison System 
With Offset Keying. 


1V.D.2. Power Line Carrier Channels 


Type TCF wideband frequency-shift equipment is used for 
power line carrier channels, with one TCF transmitter and 
receiver required for each subsystem. Two TCF wideband 
channels require at least 5 kHz of spectrum; a group of 
three TCF wideband channels needs a minimum spectrum 
of 7 kHz. 


With power line carrier application of TCF equipment, the 
relay logic uses the unblock concept. Relays will thus trip 
correctly for internal faults, even if the carrier signal does 

not reach the receiver terminal. This unblock logic is simi- 
lar to that for the directional comparison unblock systems. 


IV.E. Summary of the Phase Comparison 
Pilot Relaying Systems 


Four basic types of phase comparison systems account for 
the majority of applications. Variations and options can be 
added, and other types of channels may be used. 


Since all phase comparison systems use current only for 
fault location, they are not affected by system swings and 
out-of-step conditions. Also, they are not subject to mu- 
tual induction and zero sequence polarizing problems, or 
to voltage reversals resulting from the negative reactance of 
series capacitors. Voltage transformers are either not re- 
quired or are used only as fault detectors, so that the accu- 
racy of directional sensing and reach is not critical. 


The segregated phase comparison system, with its rate-of- 
change current detector, minimizes problems of discrimina- 
tion between minimum three-phase fault current and maxi- 
mum load. Here, the protection is armed only momentarily 
during sudden load changes and, of course, during faults. 


All phase comparison systems are highly reliable and in ac- 
tive and wide use. The blocking types tend to be more de- 
pendable, while the transfer-trip systems are more secure. 


Vv. ADDITIONAL SECURITY AND 
PROTECTION TECHNIQUES 


Several techniques are important in the proper operation 
of the various pilot systems. These techniques include 
transient blocking, loss of voltage, and open breaker logic 
for the unblock and transfer-trip pilot systems. 


V.A. Transient Blocking 


Clearing an external fault may result in a sudden reversal of 
fault power through the line section, particularly on parallel 
lines. With the directional comparison blocking systems, the 
trip units at the end being blocked must reset before the 
blocking channel signal is removed. The opposite end must 
then transmit a blocking signal before the remote end trip 
units operate. 


With the overreaching directional comparison transfer-trip 
systems, the channel trip signal must be removed before 

the local fault detectors operate at one end. At the other 
terminal, the local fault trip units must reset before the 
channel trip signal is received. Underreaching transfer-trip 
systems do not have this problem, since the trip fault detec- 
tors do not operate for external faults. 


Electromechanical systems are coordinated by a time delay 

of 13 to 15 ms in the CS units (Figure 16-1) or by the faster 
resetting than pickup of the units of Figure 16-3 and Figure 
16-5. 


A transient blocking circuit provides coordination in the 
solid-state system, as shown in Figure 16-17 for the direc- 
tional comparison systems. For an external fault such as 
(Fp) in Figure 16-1, AND-1 of Figure 16-17 operates at 
station G, and AND-2 at station H. Either operation pro- 
vides an input to AND-3 through OR-1 and OR-2, which 
energizes the timer in the absence of a local trip signal. The 
terminal is blocked from tripping after 18 ms, allowing am- 
ple opportunity for any internal fault tripping to block 
AND-3. Should an internal fault occur after transient block- 
ing is established, the local trip signal will negate AND-3 

to drop out the timer. In such cases, tripping is delayed 

by the 18-ms reset time. 


from Remote Local Trip 
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Socal Channel Start 


Local Trip Signal 


Figure 16-17: Simplified Diagram of Transient Blocking for 
Directional Comparison Blocking Systems. 
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High speed reclosing into a permanent external fault that 
originally caused a quick reversal can result in a second 
reversal. A 1000-ms release delay is inserted to prevent loss 
of transient blocking during this period. This delay is oper- 
ated by AND-4, which requires that transient blocking have 
been established and an external fault exist. High speed re- 
lays plus breaker time for the external fault will exceed the 
block timer delay. 


When the external fault is cleared, the inputs to AND-1, 
AND-2, and OR-1 go to zero, blocking AND-4. The timer 
resets after 1000 ms, removing the inputs to OR-2 and 
AND-3 and resetting transient blocking. 


Transient blocking circuits for unblocking and overreaching 
transfer-trip systems are shown in Figure 16-18. The 
0/1000-ms timer will operate through OR-1 upon either op- 
eration of a local trip fault detector (P) or receipt of an un- 
block or transfer-trip signal from the remote end. If a pilot 
trip has not occurred or the 18/0 unblock timer has not op- 
erated, there will be an output from AND-3 to start the 
block timer. If a trip does not occur in 18 or 25 ms, trip- 
ping will be blocked. 


Pilot Trip Output 
(Figure 16-3 Or 16-5 ) 


Timer for 
Fast Reset 


Block 


P (From Figure ane 
Tripping 


16-3 or 16-5) 
Channel Receiver 


from Figure 16-19 Unblock 
Timer 


Trip AND Output 
of Figure 16-3 
or 16-5 


Note: 
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Figure 16-18: Simplified Diagram of Transient Blocking for The 
Directional Comparison Unblocking and Over- 
Reaching Transfer Trip Systems. 


The inputs to OR-1 reset as the external fault that caused 
transient blocking clears. The 1000-ms timer, however, 
maintains the block to avoid another power reversal should 
reclosing into the external fault prove unsuccessful. 


If an internal fault occurs after transient blocking takes 
place, the trip output operates AND-2. After 18 ms, tran- 


16-16 


sient blocking is removed, and tripping occurs. This trip in- 
put occurs prior to operation of the 4/0-ms timer shown in 
Figures 16-3 and 16-5. 


The fast-reset (0/100-ms) timer prevents initiation of tran- 
sient blocking during an open cycle of the protected line 
circuit breakers. Consequently, a high speed trip can take 
space should the protected line breaker be reclosed into a 
permanent fault. 


Phase comparison systems with composite sequence current 
networks contain reactive elements, which may discharge 
stored energy as the external fault is cleared. Since this en- 
ergy is a possible source of incorrect operation, a transient 
blocking circuit similar to those described above is used in 
these pilot systems. 


V.B. Loss of Voltage 


Pilot systems using system voltage may have logic to protect 
against incorrect operation on loss of voltage. This logic op- 
erates if there is zero sequence voltage and no zero sequence 
current for 500 ms or more. Such a condition blocks trip- 
ping and sounds an alarm. The reset time is 500 ms. 


V.C. Open Breaker Logic for the Unblock and 
Transfer-Trip Pilot Systems 


When one terminal is open, additional logic is required to 
permit tripping on internal faults. At the open terminal, 

a breaker auxiliary 52b contact is used to remove blocking 
or to establish a transfer-trip signal. 


At the closed terminal, transient blocking is not required 
and must be removed to permit tripping on internal faults 
(Figure 16-19). An unblock or transfer-trip signal from the 
channel receiver, indicating a trip request from the remote 
terminal, permits normal operation of transient blocking 
(Figure 16-18). In the event of a remote open breaker, this 
channel request will last for 2500 ms or more, at which 
point the AND of Figure 16-19 is turned off to stop tran- 
sient blocking. 


To prevent transient blocking during the reclose cycle, 52b 

is operated upon opening the local breaker or by an internal 
fault. Closure of 52b negates the AND of Figure 16-19 and 
removes the channel input to the transient blocking circuit. 


Channel Receiver 
Input to OR 1 of 
Transient Block 
Circuit of 

Figure 16-18 


52b 


Channel Receiver 
from Figure 16-2 
or Figure 16-4 


Figure 16-19: Block Logic for 52b and Channel Control of 
Transient Blocking for The Directional Comparison 
Unblocking and Over-Reaching Transfer Trip 
Systems. 


VI. SELECTING A PILOT TRANSMISSION LINE 
RELAYING SYSTEM 


Past experience and personal preference along with the re- 
lative importance of system dependability versus security, 
largely determines the selection of a pilot transmission line 
relaying system. With so many options available, there is 
seldom just one practicable system for a given transmission 
line or lines. In general, the least expensive system that 
meets the constraints of the application is the logical choice. 
Figures 16-20 through 16-24 are logic guides to aid in select- 
ing the most cost-effective system. The systems indicated 
are not necessarily the only usable relaying systems. 


VI.A. Channel Selection 


The choice or the availability of the pilot relaying channel 
is a major consideration in system selection. 


Figure 16-20 is an aid in selecting a pilot channel for trans- 
mission line protection. As indicated, the pilot wire relay- 
ing system (HCB-1)—the most economical choice—can be 
applied to short lines if the available continuous metallic 
pilot pair does not have excessive series resistance or shunt 
capacitance. The physical make-up and protection of the 
pilot wire must also be carefully considered. See Chapter 14. 


The “continuous metallic pair” requirement, assumes that 
dc channel monitoring will be used with the pilot wire relay- 
ing system, and so a dc path must be available. Three- 
terminal pilot wire applications are feasible only if the 
branch resistance and total capacitance limits are not ex- 
ceeded. Circuits with more than three significant terminals 
cannot be protected with pilot wire relaying. 


If the economical pilot-wire relaying system cannot be used 
for short lines, audio tones on communication circuits are 
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Figure 16-20: Logic Guide for Selecting a Transmission Line Pilot Relaying Channel. 
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the next logical choice. For longer lines, carrier on micro- Carrier can be used only if there is a band in the frequency 
wave channels should be considered. Factors other than re- spectrum in which interfering signals will not disrupt the 
laying may dictate the choice of channel. For example, the normal relaying signal transmission. The magnitude of the 
availability of microwave links to all other terminals of the interfering signal is as important as frequency separation. 
transmission line would encourage using microwave chan- The 6-kHz and 4-kHz criteria specified in Figure 16-20 are 


nels for the relaying functions. for a relaying receiver set at maximum sensitivity, with +37 
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dBm level interfering signals on either side of the relaying 
carrier frequency. (The 6-kHz and 4-kHz figures are, how- 
ever, only an approximate guide.) 


The required signal-to-noise ratio (SNR) for the different 
receivers is a function of the type of modulation and the 
receiver bandwidth. The required SNR shown is for noise 
measured over a 3-kKHz bandwidth. When calculating SNR, 
the coupling losses at the receiving terminal should not be 
included (see Chapter 15). 


The criteria given in Figure 16-20 are intended only to pro- 
vide an approximate guide to carrier spacing and levels. 
Closer spacing may be possible—depending on the type of 
carrier involved, permissible margins, and carrier applica- 
tion. 


Usually, continuous channel monitoring is permitted only 
if frequency-shift carrier is used; periodic sampling of the 
channel by checkback is widely used with on-off systems. 


At one time, service voice requirements dictated the use of 
either an on-off carrier channel or microwave. Since a 
frequency-shift system can now accommodate the voice 
option, however, this factor is no longer critical. 


Carrier frequencies may be repeated at fairly close geo- 
graphic intervals if they do not interfere with other relaying 
functions. A continuous guard signal, for example, may in- 
terfere with proper tripping a few line sections away if iden- 
tical frequencies are used for relaying systems on both sec- 
tions. Similarly, voice communications or any continuous 
function over the carrier channel may block tripping on ad- 
jacent line sections unless different frequencies are used. 
Line traps do not eliminate this hazard. 


A directional comparison system can respond at “‘strong- 
feed” locations without any relaying action at ‘“‘weak-feed”’ 
locations.* Tripping does not occur at weak-feed locations 
unless there is sequential action as a result of fault current 
redistribution. Since an unblocking system normally trans- 
mits a guard signal, relaying action is necessary to key the 
transmitter for tripping. In a blocking system, carrier is nor- 
mally off and does not block tripping at other stations. 


*A strong-feed location is a line terminal from which sufficient fault 
current is contributed to an internal fault to reliably operate 
current-dependent tripping relays. Conversely, at a weak-feed loca- 
tion, the line terminal does not contribute enough fault current to 
produce reliable operation of current-dependent relays. 


VI.B. Relaying Systems with Microwave or Tone Channels 


The logic guide of Figure 16-21 is designed to aid in the se- 
lection of a relaying scheme using microwave or tone chan- 
nels. The first consideration is whether or not the station 
has a series capacitor. Such a capacitor introduces protective 
relaying problems for transmission lines terminating in that 
station, since distance relays will incorrectly sense the direc- 
tion of a fault at the capacitor line junction (Chapter 10, 
Figure 10-68). This incorrect directional sensing is experi- 
enced by relays on lines with series capacitors and by those 
on adjacent lines—with or without series capacitors. Phase 
comparison systems do not have this difficulty. 


An internal three-phase fault with unequal gap flashing will 
produce “‘through”’ negative sequence and zero sequence 
current flow. Consequently, a system using a filter with a 
heavy zero sequence weighting factor will incorrectly sense 
an external fault. The segregated phase comparison system 
must be used where this type of fault may occur without 
being detected by other devices. In the segregated system, 
each phase and residual circuit are treated as independent 
entities. The relaying system compares each of these quanti- 
ties at the two line terminals via the communication channel. 


When conventional phase comparison systems can be used, 
load current is the significant consideration. The fault de- 
tector for three-phase faults should not operate on maxi- 
mum load flow. Although such a situation would not pro- 
duce tripping, it would represent a security infringement, in 
that the system would be continuously armed. The dual 
distance phase comparison system* solves this problem by 
incorporating a distance relay that is insensitive to the high 
power factor conditions normally associated with load flow. 


For two-terminal applications with no series capacitor prob- 
lems, system selection is largely a matter of personal judg- 
ment. The customary decision-making process for choosing 
between overreaching and underreaching transfer-trip sys- 
tems is formalized in Figure 16-21. The logic of this figure 
allows selection of the less expensive phase comparison sys- 
tem only if system parameters permit. 


The logic in Figure 16-21 does not allow an underreaching 
transfer-trip system unless a fault detector overcurrent relay 


*The qualifying term “dual” indicates that a frequency-shift channel 
is used and that tripping is possible on either half-cycle. In the sin- 
gle comparison systems, which use on-off carrier, tripping can occur 
only during the “off” half-cycle. 
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Figure 16-21: Logic Guide for Selecting a Microwave or Tone Relaying System. 


can be used. This arrangement eliminates the possibility of VI.C. Relaying Systems with Frequency-Shift Carrier 

false trips resulting from voltage supply circuit failure. The Channels 

direct underreaching system is selected for three-terminal 

applications under the following conditions only: (1) where When a frequency-shift carrier channel is indicated, the re- 

all faults can be recognized by Zone 1 relays at one or more _ laying scheme should be selected as outlined in Figure 16-22. 
stations, (2) where all terminals require high speed tripping, | Again, the presence or absence of a series capacitor in the sta- 
and (3) where fault detecting relays (including phase under- _ tion will determine whether phase comparison or directional 


voltage and zero sequence overvoltage) cannot recognize all comparison unblocking systems are appropriate. A dual 


internal faults. phase comparison unblocking system is selected for short 
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Figure 16-22: Logic Guide for Selecting a Frequency-Shift Carrier Relaying System. 


and moderately long two-terminal lines where the backup 
and out-of-step trip functions are to be independent of the 
primary relaying system. 


For three-terminal frequency-shift carrier applications, the 
unblocking system is preferred if there is sufficient carrier 
frequency spectrum. Three-terminal phase comparison sys- 
tems, while possible, are not allowed by this selection proc- 
ess in the interest of restricting choices to flexible, easily 
realizable schemes. 


VI.D. Relaying Systems with On-Off Carrier Channels 


The selection process for a directional comparison or phase 
comparison on-off carrier system is shown in Figure 16-23. 
As above, the presence or absence of a series capacitor in 

the station determines whether a phase comparison system 
is required. If the primary relaying need not incorporate a 


distance-controlled backup timing function nor clear out-of- 
step conditions, the less expensive phase comparison system 
may be used for all but extremely long-line, two-terminal 
applications. 


On three-terminal lines, the directional comparison system 
requires no relaying action at weak-feed locations in order 
for high speed clearing to occur at the strong-feed location 
for internal faults. This characteristic, however, holds true 
only if there is no continuous use of the carrier system at 
the weak-feed location. Otherwise, the weak-feed carrier 
must be stopped for internal faults to clear. 


As with frequency-shift systems, three-terminal applications 
of phase comparison systems are not considered because of 
their inflexibility and restrictive nature. However, where 
permitted by system characteristics, such installations have 
performed successfully for many years. 
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Figure 16-23: Logic Guide for Selecting an ON-OFF Carrier Relaying System. 


VI.E. Additional System Options 


Any pilot protection system can be equipped with options 
to give the desired degree of redundancy or to provide ad- 
ditional features required by a particular application. These 
options include high-set overcurrent trips, Zone 1 phase and/ 
or ground relaying, a T2 timer, and out-of-step relaying. 


High-Set Overcurrent Trips. Available for the standard sys- 
tems, high-set overcurrent trips are highly recommended for 
applications where faults can be located on the basis of cur- 
rent magnitude alone. Air-gap units (overcurrent elements 
with a gapped iron circuit) are available with no more than 
17-percent overreach with the maximum asymmetry due to 
the de component of fault current. These units should be 
set 25 percent greater than the maximum current for an ex- 
ternal fault in the forward or reverse direction. Where us- 
able, high-set overcurrent trips provide fast, simple, and in- 
expensive backup, independent of all other sensing elements 
and of the communications channel. 


Zone 1 Phase and/or Ground Relaying. Phase and/or 
ground-distance relays can be applied to lines that are long 
enough for a fault at the balance point to produce adequate 
energy for the relays to operate reliability. These relays are 
not responsive to external faults; they are fast and require 
no information from the remote terminal via the communi- 
cation channel. They provide an excellent support function 
to most pilot relaying systems and are available as a part of 
all standard systems. 


T2 Timer. Any system equipped with overreaching phase 
and ground-distance relays may drive a timer to provide re- 
mote backup. While local backup systems have been used 
increasingly in recent years to cover the breaker-failure con- 
tingency, there is still a place for distance-controlled timers. 


A single timer is adequate for both the phase and ground 
functions with separate indication. 


Out-of-Step Relaying. Figure 16-24 provides a logic guide 
for selecting an out-of-step relaying system. Although 
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Figure 16-24: Logic Guide for Selecting an Out-of-Step Relaying System. The single-blinder scheme uses distance elements having a 
characteristic on a resistance-reactance plot consisting of two parallel lines centered about the origin and sloping at 
15 degrees from the vertical. The dual-blinder scheme uses two such units, the second having a wider spacing than the first. 
The concentric-circle scheme, as the name implies, uses distance units having circular characteristics on a resistance- 
reactance plot. Usually the three-phase unit of the zone-2 relay in the transmission line relaying scheme is used for the inner 
circle and a separate relay equipped with the appropriate logic provides the outer-circle characteristic. 


many other considerations enter into the selection, this 
logic displays the key factors influencing the proper system 
choice once the desired philosophy is determined. 


Determining the appropriate philosophy is not easy. For 
example, much depends on whether instability can develop 
in the system, and where the electrical center will be if in- 
stability does develop. Other critical factors include the 
minimum internal three-phase fault current, the maximum 
load current, and whether an out-of-step condition produces 
enough current to cause an interruption problem with the 
very high recovery voltage that may accompany out-of-step 
tripping. All these factors must be determined within reason- 
able contingency limits, and each factor may manifest its crit- 
ical case for a completely different system arrangement. In 
any event, each of the out-of-step relaying variations indi- 


cated in Figure 16-24 may be applied to the standard sys- 
tems (see Chapter 19). 


VI.F. Choice of Reclosing System 


Automatic reclosing is an advantage in any application where 
a fault may clear before the circuit is reenergized. For ex- 
ample, multi-shot reclosing relays will improve service con- 
tinuity with overhead distribution circuits. In transmission 
applications, reclosing relays are often used to provide a sin- 
gle high speed reclosure upon pilot relay tripping, followed 
by one or more time-delayed reclosures in response to syn- 
chronism check or live bus/dead line control. High speed 
reclosing occurs in response to all high speed tripping; nor- 
mally, a control switch contact prevents high speed reclos- 
ing unless pilot tripping is in service (see Chapter 20). 


Vil. TRIPPING SYSTEMS FOR CIRCUIT BREAKERS 


In conventional three-pole tripping, the output of protective 
relays energizes a single trip coil to open all three poles of 
the circuit breaker. Newer circuit-breaker tripping methods 
can help reduce the critical fault clearing times required to 
maintain system stability and improve continuity of service. 
These methods are independent pole, single-pole, and selec- 
tive pole tripping. 


VILA. Independent Pole Tripping 


Independent pole tripping employs a separate tripping mech- 
anism for each phase of the breaker, so that failure of one 
pole will not prevent the operation of the other poles. The 
protective relays trip all three poles for any type of fault, 
providing a very high degree of assurance that at least two 
poles will open for any system fault. Thus, the most severe 
stability criterion—the three-phase fault—is reduced by in- 
dependent pole tripping combined with separate primary 
and secondary relaying systems, each on separate current 
transformers and operating separate trip coils. 


The usual practice is to connect the three trip coils in series, 
as shown in Figure 16-25. While parallel connection of the 
three trip coils has been considered, it has the disadvantages 
of high currents through the relay trip contacts or circuits, 
and more complex control wiring. Either an open coil in the 
series winding or a coil short in the parallel connection 
would disable all three trip coils. However, with the coils 

in series a monitoring system can be used to assure continu- 
ity. 


VII.B. Single-Pole Tripping 


Most transmission line faults are transient single-phase-to- 
ground, They can be cleared by opening and high speed re- 
closing of only the phase associated with the fault. This 
method, known as single-pole tripping, leaves the other two 
phases intact to exchange synchronizing power and minimize 
the shock to the power system. If only single-phase-to- 
ground faults occurred, more power could be transmitted 
without exceeding the transient stability limit. System de- 
sign must, however, also take phase faults into consideration, 
including the most severe three-phase fault. 


One good application for single-pole relaying is a large gen- 
eration plant connected to the system by a single transmis- 
sion line. Opening all three poles would completely discon- 
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Figure 16-25: Independent Pole Tripping With Trip Coils in Series. 


nect the two systems, and they could not be reconnected 
safely with high speed reclosing. The result would be con- 
siderable loss of generation until the two systems could be 
resynchronized and the machines reloaded. Single-pole re- 
laying would eliminate this problem for the majority of 
faults, with only a momentary loss of the generation plant. 
Opening the fault phase circuit or a single phase-to-ground 
fault leaves the plant coupled with the two sound phases. 
For two or three phase and permanent faults, all three poles 
must be opened, either initially or eventually, with conse- 
quent loss of generation. 


On long and high voltage lines, single-pole tripping may re- 
sult in enough energy being coupled to maintain the arc and 
impede the deionization process. Longer dead times (0.7 to 
1.5 sec.) before reclosure will help minimize this potential, 
but tend to worsen system stability. To limit the ground cur- 
rent and the effect of interphase coupling, a recent 500 kV 
EHV application employs a four-legged reactor connected be- 
tween the three line phases and ground at the receiving ter- 
minal. Reclosing time is the conventional 0.5 sec. 


During the single phasing period between the opening of 
one pole and its reclosure, ground current continues to flow 
through the system. Ground relays in the other parts of the 
system must be set so as not to operate during this period. 
With a substantial ground source at each end of the line, 
most of the ground current will tend to circulate in the line 
and terminal ground sources, thereby minimizing the effect 
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in the adjacent system. In any case, this effect should be 
carefully evaluated. 


Single-pole relaying, while used in many countries, has had 
very limited application in the United States. Until recently, 
power circuit breakers were not normally applied with sep- 
arate operating mechanisms. The relaying schemes are gen- 
erally more complicated, and stability criteria must be based 
on phase faults. Further, except for the early stages of a 
higher voltage overlay, the USA systems are highly intercon- 
nected, minimizing the stability advantages of single-pole 
relaying. The availability of modern circuit breakers with 
independent pole mechanisms, along with present economic 
and environmental trends, may result in a wider application 
of single-pole relaying. 


Single-pole relaying should only be used with pilot relaying. 
VII.B.1. KQS-KDAR Single-Pole Tripping System 
This basic system, first applied in the United States in the 


early 1940’s, has since been used primarily for overseas ap- 
plications. 
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In single-pole tripping, the protective relays must accurately 
determine which phase is faulted and initiate tripping and 
reclosing for only that phase breaker mechanism. Figure 
2-46 (Chapter 2) shows that, for single-phase-to-ground 
faults, the negative and zero sequence currents are essen- 
tially in phase for the faulted phase and essentially 120° out 
of phase for the unfaulted phases. This phenomenon pro- 
vides the criteria for the faulted phase selection. 


In the KQS (83G) relay, three directional units are op- 
erated by zero sequence current and three-phase negative 
sequence current from a sequence network. For a phase-a-to- 
ground fault, the phase a directional unit (SA) operates, 
while phase b and c directional units restrain. Similarly, for 
phase b-to-ground faults, the phase b unit (SB) operates 
while phase a and c units restrain; and for phase c-to-ground 
faults, the phase c unit (SC) operates while phase a and b 
units restrain. 


Figure 16-26 shows the basic circuits for single-pole tripping 
with electromechanical-type relays. Miscellaneous circuits 
not directly connected with understanding of the operation 
are omitted for simplicity. 
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Figure 16-26: Basic Schematic of The KQS-KDAR Single Pole Tripping System. 


For internal single-line-to-ground faults, ground relay 67N 
operates with pilot supervision, initiating single-pole trip- 
ping of the faulted phase breaker through the phase selec- 
tor contacts SA, SB, or SC. Simultaneously, 67N energizes 
units X3, 48, and X. Relay X3 opens all the single-pole trip 
circuits, after a short time delay permits the particular 
faulted phase circuit to seal in. Relay X ensures that all 
three-pole trip paths are blocked for the single phase trip. 
While the non-pilot Zone 2, 3, and time-overcurrent relays 
are shown blocked out, this function might be omitted if 
the relays can be set not to operate during the single phas- 
ing period. 


When the faulted phase pole opens, its 52b contact closes 
to keep X3, 48, and X relays energized and to operate the 
X2 unit. Relay X2 inserts X5 delay in the phase pilot trip 
(21P), bypasses SON and the SRD contacts, bypasses X4 
delay in the non-pilot ground instantaneous trip circuit, and 
connects 67N for subsequent three-pole tripping. The lat- 
ter connection permits both protection of the sound phases 
during single phasing (65 to 200 ms after one pole opens) 
and three-pole tripping if the open breaker pole recloses 
into a fault. 


The SRD (83) relay compares the magnitudes of the three- 
phase-to-ground voltages. When one voltage is larger than 
the other two, the relay operates. Thus, its contacts close 
for faults involving two phases, but not for three-phase or 
for single-phase-to-ground faults. The SRD operates ona 
minimum of 10 Volts difference between the one voltage 
and the larger of the remaining two voltages. 


The SRD contact is used to block the Zone 1 phase-to-phase 
unit and both units of the pilot Zone 2 KDAR phase relay 
from operating on phase-to-ground faults. Otherwise, three- 
pole tripping might occur on some line-to-ground faults, 
The SON unit, operated by 31g ground current, has its back 
contact in parallel with the SRD contact in the phase pilot 
trip circuit to permit tripping on three-phase faults. Thus, 
the parallel combination of 50N and the SRD contacts pro- 
vide a trip path for all fault types except single-phase-to- 
ground. 


Relay 48 is a TD-5-type timer set for longer than the single 
phasing period. It serves as a backup to trip all three 
breaker poles directly when one pole is open longer than 
the normal trip/dead-time/reclose cycle. 


16-25 


The phase KDAR with the SRD relays operates to trip all 
three poles for all phase faults—including two-phase-to- 
ground faults. For these latter faults, the phase selector for 
the sound phase will operate. (See the phasors in Figure 
2-46 of Chapter 2.) For example, the phase a negative and 
zero sequence currents are essentially in phase for b-c-to- 
ground fault to operate the SA phase selector. While this 
action initiates tripping of the phase A breaker pole, Zone 1 
(21-1) and/or phase pilot (21P) simultaneously operate to 
trip all three poles. The short pickup time of X permits 
these three-pole trip paths to be sealed in (circuits not 
shown for simplicity) before the back X contacts can open. 


During the open phasing period, the line voltage on the open 
phase is determined by the interphase capacitance to the 
two sound phases and not by the system. This can cause 
misoperation of distance relays when line-side voltage is 
used. In these applications, auxiliary relays are used to dis- 
connect the 21P, 21S, 68, and 83 relays from the potential 
source on the opened phase and connect them to ground. 
This assures their correct operation. 


VII.B.2. Segregated Phase Comparison Single-Pole 
Relaying 


As illustrated in Figure 16-27, the three-subsystem segre- 
gated phase comparison system is easily adapted to single- 
pole tripping. The three phase comparison systems deter- 
mine the faulted phase and initiates tripping of that phase. 

If two or more phases are involved, these phases are tripped. 
At the same time, OR-2 (which provides an output only with 
two or more inputs) will have an output to assure tripping of 
all three phases. Pilot secondary and high speed backup trip- 
ping is inhibited through OR-I if any subsystem of the SPCU 
relay operates to avoid three-pole operation on single phase 
faults. During the open phasing period, the pole disagree- 
ment timer, through the OR-1 and the AND-1 circuit, also 
inhibit secondary and backup tripping. This pole disagree- 
ment circuit also operates a back-up timer to trip all phases 
if single phasing exists after the normal cycle. 


VH.B.3. Reclosing for Single-Pole Tripping 


A conventional single-shot recloser can be used in the single- 
pole relaying system. While the opening of one pole initiates 
reclosing of all three poles, two would already be closed. 
Three separate reclosers will be required where this method 
presents a problem. 
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Figure 16-27: Basic Schematic of SPCU The Single Pole Relaying System. 


If single-pole relaying is used when three-pole reclosing is 
not permissible, reclosure must be locked-out for all three- 
pole tripping. If system and stability requirements permit 
both single-pole and three-pole reclosing, one single-pole 
recloser and one three-pole recloser should be used, with 
different reclosing cycle times. All schemes should block 
subsequent reclosure upon reclosing into a permanent fault. 


VII.C. Selective Pole Tripping 


Selective pole tripping opens the faulted phases for all type 
of faults: one pole for single-phase-to-ground and phase-to- 
phase fault, two poles for double-phase-to-ground faults, 
and all three poles for three-phase faults. This system allows 
interchange of synchronizing power for phase faults, as well 
as for ground faults so that the line is only opened when all 
three phases open on three phase faults. 


Several selective pole relaying installations were made in the 
1950’s, but the system is no longer in general use. Selective 
pole tripping is complex and, in view of the relatively small 
number of inter-phase faults, its advantages are not particu- 
larly significant. The SPCU system can, however, provide 
selective pole relaying with minimum additional complexity. 


VIII. BREAKER POLE DISAGREEMENT PROTECTION 


Using a separate and independent breaker mechanism for 
each of the three poles or phases improves system reliabil- 
ity during fault clearing. This generalization assumes that 

at least one pole will open in a damaged breaker to reduce 
system instability during a fault. Independent poles, how- 
ever, increase the possibility of unintentional “pole disagree- 
ment” if one or more poles are open during non-fault condi- 
tions while the others are still closed. 


The standard breaker-failure schemes previously described 
provide protection in most pole disagreements during fault 
clearing. In addition, the type SLB relay provides sensitive 
detection of pole disagreement during normal operation. 
The SLB relay monitors each phase of the secondary cur- 
rent, sensing whether any phase is below a low threshold 
value while any other is above a high threshold value. The 
low and high threshold settings are adjustable. It is recom- 
mended that the high threshold be set about three times the 
low threshold setting. These values are selected to detect 
an open phase or pole when the breaker is only charging the 
line. 


An SLB application is shown in Figure 16-28. Usually, the 
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three breaker pole trip coils are connected in series, as 

. shown. The three coils can also be connected each with 
their 52a contact in parallel. This arrangement increases 
the trip current through the relay and is not desirable if 
more than one breaker is involved in the application. 


Typical timer settings are 0.5 sec for tripping and 1.0 sec for 
alarm. Alternatively, output TR-3 may be used to operate 
. the breaker-failure/lockout relay (86BF), tripping and lock- 
ing out all adjacent breakers after a sustained pole disagree- 
ment condition. 
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Figure 16-28: Typical External Connections of The SLB Pole 
i Disagreement Relay. 


— Negative 

| Figure 16-29 is a simplified logic diagram for the SLB relay. 

The phase current for the current transformers passes 

through three low level detectors and one high level detec- 
tor. When one or two of the phase currents are below the 
low level threshold and one or two are above the high level 
threshold, one or more of the three AND logic circuits will 
have an output to OR-2. The OR-2 output energizes two 
timers (T2 and T3) that, in turn, operate telephone relays 


TR-2 and TR-3 to provide contact outputs. 
IX. DIRECT TRANSFER-TRIP SYSTEMS 


Direct transfer-trip systems provide circuit-breaker tripping 
at remote or receiver terminals, without any supervision by 
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Figure 16-29: Simplified Logic Diagram for The SLB Pole 
Disagreement Relay. 


fault detectors. The most important consideration in a di- 
rect transfer-trip system is the type of channel applied. The 
communications equipment must carry the total burden of 
system security and dependability. 


Direct transfer-trip systems are applied for: 


a) Line protection with non-permissive underreaching 
transfer-trip systems* 


b) Transformer protection where there is no circuit breaker 
between the transformer and transmission line 


c) Shunt reactor protection 


d) Remote break-failure protection 


IX.A. Transformer Protection 


A typical transformer protection scheme is illustrated in 
Figure 16-30. A direct trip channel is keyed to the trip 
state when the transformer protective relays operate. The 
received trip signal will then trip the remote end breaker 
and lock out reclosing. 


*Non-permissive underreaching transfer-trip systems are discussed 
in Section HI.D, above. 
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Figure 16-30: Direct Trip for Transformer Protection. 


Alternatively, a ground switch operated by the transformer 
protective relays may be used for transformer protection. 

In this technique, a ground fault is initiated on the trans- 
mission line at G, providing adequate fault current for the 
ground relays at H to trip the breaker at H. This system is 
slower but is widely used on lower voltage systems and is 
fairly simple and straightforward. It does not require any 
secure communication medium between G and H. For this 
type of application, the ground relays at H can be set to op- 
erate for 100 percent of the line and not overreach to bus G. 


While a single switch on one phase is normally applied, a 
double switch on two phases may be used to initiate a 
double-phase-to-ground fault. In the latter case; both phase 
and ground relays can operate to ensure redundance. Fault 
grounding is not applicable to all systems, either because of 
high short-circuit capacity or psychologically. 


IX.B. Shunt Reactor Protection 


As discussed in Chapter 8, shunt reactors are frequently used 
on HV and EHV lines. These line reactors are connected on 
the line side of the circuit breakers (Figure 16-31). A remote 
trip channel is thus required for a fault in the shunt reactor. 


IX.C. Remote Breaker-Failure Protection 


A remote breaker-failure system is necessary where a multi- 

breaker bus, such as a breaker-and-a-half or ring bus scheme, 
is applied at a transmission line terminal. A direct transfer- 

trip system will be a part of the remote breaker-failure pro- 

tection (see Chapter 18). 


IX.D. Direct Trip Channel Considerations 


The channel and its terminal equipment are major factors in 
the proper operation of the direct transfer-trip system. The 
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Figure 16-31: Direct Transfer Trip for Shunt Reactor Protection. 


channel must neither fail to provide a correct trip signal nor 
provide a false signal. 


Channels used for direct trip are: 


a) Direct current signals on a pilot wire or communication 
line 


b) Audio frequency signal on a communication line or 
microwave channel 


c) High frequency signals over the power line. 


Application of the dc system is explained in Chapter 14, in 
connection with pilot wire relaying. The other two types 
generally employ frequency-shift transmitter-receiver ter- 
minal equipment. While other types of modulation are pos- 
sible, frequency-shift keyed (FSK) equipment offers the 
best compromise between noise rejection capability and 
equipment complexity. Two frequencies are usually trans- 
mitted in an FSK system: the “guard” frequency is trans- 
mitted during non-trip conditions, and the “‘trip” frequency 
is transmitted when a breaker trip is required. Since a signal 
is always present, the FSK system will allow the channel to 
be continuously monitored. Continuous channel monitoring 
is necessary in a direct trip system, since breaker tripping is 
not supervised by any local relays. 


As noise in the channel increases, a point is reached where 
there is a high probability of false tripping. The level of 
noise at which the channel becomes unreliable must be de- 
termined by tests. Signal-to-noise ratio monitors must then 
be included with any direct trip channel, in order to block 
possible false tripping. It is important, however, not to set 


we 


| 


mot, 


the noise monitors any more sensitively than required, since 
their operation will prevent tripping. 


IX.E. Application of Frequency Shift (FSK) for 
Direct Trip 
There are three important aspects to the application of 


FSK channels to direct trip systems: channel bandwidth, 
dual channel systems, and channel protection. 


IX.E.1. Channel Bandwidth 


Although faults should be cleared in the shortest possible 


time, speed, is not the only criterion for selecting equipment. 


It is important to use the narrowest bandwidth equipment 
possible. A wide bandwidth channel may give the desired 
speed, but more noise enters the system. Thus, the channel 
will block tripping sooner than a narrower bandwidth chan- 
nel with the same received signal level. A wideband channel 
will consequently not be as dependable as a narrower chan- 
nel under equal receive-level conditions. 
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IX.E.2. Dual Channel Systems 


A dual channel system is recommended for direct trip appli- 
cations. Two FSK channels should be used in series, so that 
both must trip before the breaker is tripped. Many tests have 
indicated that dual channels improve the security of the di- 
rect trip system by several orders of magnitude. Use of a 
dual channel system has very little effect on dependability, 
even if both channels are on the same transmission medium. 


IX.E.3. Channel Protection 


The channel must function properly during the time of sys- 
tem trouble which is often a severe time for the channel. 
Careful attention to channel protection is the key to high 
system reliability—both dependability and security. Where 
audio tones are used on a communication line, such as a 
leased line facility or a long metallic pair, the channel must 
be properly protected from longitudinal induced voltages 
and station ground mat rise. Further, the protection equip- 
ment used must properly protect the channel from damage, 
yet allow the tones to remain operative for protective relay 
purposes. 
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I. INTRODUCTION 


Multi-terminal and tapped lines, while usually economical in 
their breaker requirements, need complex relaying for ade- 
quate protection and operation. In fact, these lines are the 
most difficult to protect, particularly with weak feed (lim- 
ited-fault current) and where high speed reclosing is desired 
at one or more terminals. Weak-feed protection may also 
be required for two-terminal lines. Although the weak-feed 
terminal can maintain the fault arc, the current may not be 
sufficient to operate conventional protective relays ade- 
quately. 


This chapter will discuss protection techniques for these re- 
lay applications. While the fundamentals apply to protec- 
tion and reclosing of distribution lines and feeders, discus- 
sion here is directed primarily to transmission and sub- 
transmission circuits. 


The following definitions will be used throughout this 
chapter: 


Multi-Terminal Lines: Transmission lines with more than 
two terminals, each connected to a major power source. A 
typical multi-terminal line is shown in Figure 17-1. The 
source will provide positive sequence fault power and, usu- 
ally, zero sequence as well. A transformer bank may be in- 
cluded as part of the transmission line at one or more of the 
terminals. 


Tapped Lines: Transmission lines that are tapped (usually 
through a transformer bank) primarily to supply loads. A 
typical tapped line is shown in Figure 17-2. The source 
may be positive sequence, either local generation or an in- 
terconnecting tie with another part of the power system. 
There may also be a zero sequence source. 


Weak-Feed Terminal: A terminal whose source does not 
supply enough current for faults on the line to operate the 
line protective relays at that terminal. This situation can 
occur for either phase (positive sequence), ground (zero se- 
quence), or both. The terminal may only be “weak” during 
some operating periods, but “‘strong”’ or have only load at 
other times. A tapped terminal (Figure 17-2) is frequently 
a case of weak feed if the tapped load has limited local gen- 
eration, synchronous motors, and/or many large induction 
motors. 


Figure 17-1: Typical Multi-Terminal Line. 
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Figure 17-2: Typical Tapped Line. 


Il. MULTI-TERMINAL LINE PROTECTION 


Protection schemes for multi-terminal lines almost always 
use phase-distance and ground-distance or directional over- 
current ground relays and/or pilot relays. In general, pilot 
protection is necessary for high speed relaying of line faults. 


Because of the variety of multi-terminal line schemes, it is 
necessary to study each application individually. Specific 
information is needed on each line configuration, the im- 
pedances of the various sections, the details of phase and 
ground faults under all operating conditions, and reclosing. 


II.A. Distance Relays and Their Settings 


Distance relays are used either in the primary or backup 
protection scheme, or in both. Relay application and set- 
ting is affected by tap location and current distribution for 
line faults under all operating conditions. The latter—the 
infeed and outfeed effects—will be reviewed before discuss- 
ing the distance relay settings. 


II.A.1. The Infeed Effect 


Infeed reduces the reach of a distance relay (Figure 17-3). 
The source behind bus R contributes to faults on the H line 


section, increasing the apparent impedance ‘‘seen’”’ by the 
line relays at G. For faults from the junction point toward 
bus H, the limit of coverage of the relays at G (for Zone 1 
set at 90 percent of the 4-ohm distance from G to R) varies 
from 3.6 ohms, if the breaker at R is open, to 2.0 ohms, if 
R provides an infinitely larger current than the current from 
bus G. Hence, the reach of the distance relay varies as a 
function of fault location and current distribution. 


22 (Max.) 
5Q(Min.) 6 


ae <— 
1) 18.99- 12.02 1)44.03-35.83 1) 12.26- 11.12 ey 
2) 18.55- 11.90 2)44.60-36.72 2) O- O a 
3) 18.95- 12.00 3) 44.21 -36.00 3) 12.00- 10,79 

4) 18.95- 12.00 4)44.21-36.00 4) O- Oo 

5) 26.09- 14.05 5) 30.62-18.48 5) 12.14- 946 

6) 22.78- 14.22 6)28.86-2044 6)  O-  O 

1) 25.04-23.81 4 [20 

2) 25.75-24.82 

3)25.26-24.00 


4) 25.26-24.00 1) .84- 57 1) 1142-1055 
5) 4.53- 3.98 2) 1.84- 240 2) 1.84- 240 
6) 6.08- 6.22 3) 9-8 3)1200-10.79 
eecmosee | 5) 4.53- 3.98 5) 16.67-13.44 
ees leaas 6) 6.08- 622 6) 6.08- 622 
4) 25.26-24.00 

5) O- 0 10(Max.) 

6) O- O  150(Min.) 


Note: 


Currents in Amperes, Impedances in Ohms on a Secondary (Relay) Base. 
First Current is for Maximum Generation, Second Current for Minimum 
Generation. 


Conditions: 


1) System as Shown, all Lines and Sources in Service, 
all Breakers Closed. 

2) Same as 1 but Breaker on Line GH Open at H. 

3) Line RH Open. 

4) Line RH Open, Breaker on Line GH Open at H. 

5) Generator at R Out of Service. 

6) Same as 5, but Breaker on Line GH Open at H. 


Figure 17-3: Current Distribution for a Three Phase Fault 
Occuring on The Branch Toward Station H Under 
Operating and Switching Conditions. 


For example, assume a three-phase fault occurs 1.0 ohm 
from the tap point toward station H (Figure 17-3). From 
the current distribution for condition 1 (maximum genera- 
tion), the voltage drop from bus G to the fault is: 


2x 18.99 + 1 x 44.03 = 82.01 V, secondary 


Since the current through the relays at G is 18.99 A, 
82.01 


Z apparent (maximum generation) = 18.99 


= 4,32 ohms 


wee : 2x 12.02 +1 x 35.83 
Z apparent (minimum generation) = a; ee 


= 4.98 ohms (10-18) 


Table 17-I lists the apparent impedances “‘seen” by distance 
relays at busses G and R for the six different operating con- 
ditions of Figure 17-3. 


The actual impedance to this fault from the relays at either 
bus G or bus R is 3.0 ohms. The relays at G would ‘‘see”’ 
this impedance if the breaker at R were open, or if there 
were no source of fault power at station R. Although this 
fault is within the 3.6-ohm Zy setting, the Zone 1 relays at 
G will not operate with the source and breaker at R closed 
for the 1, 2, 3, and 4 operating conditions. The reason is 
that the apparent impedance “‘seen’’ by the relays is greater 
than the 3.6-ohm setting (Table 17-I). Similarly, the Z, re- 
lays at R will not operate for this fault, except for condi- 
tions 1, 2, 3 and 4 minimum. 


Table 17-I 
Apparent Impedances “Seen” by Distance Relays 
at Busses G and R in Figure 17-3 
(Z Actual for Relays at G and R is 3.0 ohms.) 


Operating Z Apparent for Z Apparent for 
Condition | Relays at G (Ohms)* | Relays at R (Ohms)* 


1 max 


1 min 


2 max 


2 min 
3 or 4 max 


3 or 4 min 


5 max 


5 min 
6 max 


6 min 


*Zone | set 3.6 ohms 


II.A.2. The Outfeed Effect 


When a tap has no source except a tie to a remote bus, cur- 
rent can flow out of this tap terminal for an internal fault 
near the remote terminal (Figure 17-4, condition 5). While 
the fault is shown on bus H, it could be near or at breaker H 
on line GH. With no source at R other than line RH, cur- 
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rent flows out of R and over line RH to the internal fault 
on line GH, reducing the apparent impedance. 


22(Max.) 4 
5Q(Min.) G6 3 Phase 
Fault 


3.2.( Max.) 
4Q.(Min.) 


1) 6.52- 4.94 
2) 5.23- 3.79 
3) 5.29- 3.87 
4) 5.29- 387 
5) 13.63- 10.04 
6) 8.49- 6.48 


1) 5.22- 5.74 ¢ 


5) 8.18- 6.02 
6) 10.75- 9.32 


[] —+1)1043- 9.68 1)40.00-3000 
: 2) S1- .76 

3) O- O 3)40.00-30.00 
4) O- fe) 

—*5) 5.45- 4.02 5)40.00-3000 
+—6) 226- 2.84 6) 2.26- 2.84 


6) 2.26- 2844 
1) 15.65- 15.42 ¢ 
2) 6.64- 7.14 

3) 7.06- 7.74 

4) 706- 774 = 19(Max.) 
5) O- O  152(Min.) 
6) OO Oo 


(4)- Current Into Bus 


Note: 

Currents in Amperes, Impedances in Ohms on a Secondary (Relay) Base 
First Current is for Maximum Generation, Second Current for Minimum 
Generation. 


Conditions: 
1) System as Shown, all Lines and Sources in Services, 
all Breakers Closed. 
2) Same as 1 but Breaker on Line GH Open at H, With Line End Fault. 
3) Line RH Open. 
4) Line RH Open, Breaker on Line GH Open at H, With Line End Fault. 
5) Generator at R Out of Service. 
6) Same as 5, but Breaker on Line GH Open at H, With Line End Fault. 


Figure 17-4: Current Distribution for a Three Phase Fault 
Occuring on Bus H Under Various Operating and 
Switching Conditions. 


As shown in Table 17-II, condition 5, the apparent imped- 
ance for the bus H fault is only 6.8 ohms, while the actual 
impedance is 10 ohms. Zone | at G is not affected by the 
outfeed and the reduced apparent impedance, since the 2- 
ohm tap to R is less than the 8-ohm branch to H. However, 
assuming there is no source at R and line RH is in service, 
Zone | at G would have to be set for the apparent imped- 
ance to H if the impedance from the tap point to R were 
greater than that to H. That is, the setting would be lower 


than the actual ohms. 


Current from the breaker at R indicates an apparent exter- 
nal fault for an actual internal fault near H. Thus, direc- 
tional distance relays and pilot relaying systems at R will 
not respond until the breaker at H opens to reverse the cur- 
rent (Figure 17-4, condition 6). The HCB pilot wire system 
can operate under such conditions, but only if the current 
flowing from one terminal is small relative to the fault cur- 
rent flowing into the line from the other two terminals. 
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Table 17-II 
Apparent Impedances “Seen” by Distance Relays 
at Busses G and R in Figure 17-4 
(Z Actual for Busses G or H to Fault is 10.0 ohms.) 


Operating 
Condition 


Z Apparent for 
Relays at R (Ohms) 


Z Apparent for 
Relays at G (Ohms) 


1 max 
1 min 
2 max 
2 min 
3 or 4 max 
3 or 4 min 
5 max 
5 min 
6 max 


6 min 


II.A.3. Zone 1 Distance Relay Settings 


The location of the tap and the impedances, together with 
infeed or outfeed effects, can severely limit the coverage of 
Zone 1 distance relays at one or more terminals. The effect 
of tap location is shown in Figure 17-5. If terminal R did 
not exist, the Zone 1 distance relay at G could be set for 85 
to 90 percent of the 10-ohm line to H (9.0 ohms using 90 
percent). Given terminal R and a 9-ohm setting, however, 
the G distance relay would operate for faults external to the 
line at station R, which is actually only 4 ohms away. Thus, 
the tap location and impedance to station R require the 
reach at G to be reduced to 85 to 90 percent of 4 ohms, or 
3.6 ohms for the 90-percent setting. This reach offers very 
little Zone | protection for the line section from the tap 
point to bus H. 
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Figure 17-5: Zone 1 Distance Relay Coverage at Terminal G for a 
Multi-Terminal Line. 


A similar situation applies to the Zone 1 relay at station R. 
At station H, the tap provides no limitations (Figure 17-5). 
Zone 1 can be set for 90 percent of the line either to H or 
to G, or for 9 ohms. Restrictions would apply if the sec- 
tions from the tap point to R or to G were unequal, which 
is usually the case. With high current infeed from either G 
or R, the H relay would always “‘see’”’ at least 8 ohms. In 
other words, the Zy coverage from H is limited less severely 
than in the case above. 


Although the infeed effect reduces the reach, Zone | must 
not be set on the basis of the higher apparent ohms listed in 
Table 17-II. If this setting were made, Zone 1 would over- 
reach and operate for external faults beyond the remote bus 
if the tap breaker were open or the source were off. 


When the line section to one of the busses terminates in a 
transformer bank (Figure 17-6, station R), the Zone 1 reach 
from bus G is the same as for a two-terminal line GH. In 
theory, the infeed effect of station R on the relays at G 
could reduce the coverage from the maximum of 9 ohms to 
an extreme limit of 2 ohms. In practice, the reduction is 
much smaller, since the high impedance of the transformer 
bank tends to limit the current supplied from station R. 


(9.02) 
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Figure 17-6: Zone 1 Distance Relay Coverage at Terminal G for a 
Multi- Terminal Line With a Transformer Bank in The 
Line at Station R. 


The fault shown in Figure 17-3 is within the operating zone 
of the Zone | relays at H; therefore, H will be cleared at 
high speed. Conditions 2, 4, and 6 show the redistribution 
of fault currents with breaker H open. The redistribution 
does not change the apparent impedances at G or R, such 
so their Zone 1 relays would “‘see” the fault. Thus, in this 
example, high speed sequential tripping does not occur, al- 
though in other cases it might. For this reason, multi-termi- 
nal lines require pilot relaying for high speed fault clearance. 


Zone 1 at any terminal, then, must always be set on the 
basis of the smallest value of either the actual or apparent 
ohms to any remote terminal. Thus, Zone 1 at G and R 
would be set on the basis of 4 ohms—the minimum actual 
ohms from G to R or from R to G (Figure 17-4 and Table 
17-II). This procedure will avoid overreach of Zone 1 at G 
or R when the breaker at H is open. With infeed from one 
remote terminal, the reach of the relay on the other line sec- 
tion will be less than that determined by the setting. That 
is, the relays will “underreach” according to the “‘infeed,” 
but never to the junction point, or less. This reduced effec- 
tiveness of Zone | severely restricts the applicability of non- 
pilot and underreach transfer-trip pilot schemes. 


II.A.4. Zone 2 Distance Relay Settings 


For the second zone to protect all line sections, it must be 
set above the maximum apparent or actual ohms to any re- 
mote terminal. For example, in Figure 17-4, Zone 2 at G 
must be set for more than 26.68 ohms (Table 17-II). The 
maximum actual impedance is only 10 ohms. For the out- 
feed effect of condition 5, however, a fault at the remote H 
terminal appears to the G relay to be only 6.8 ohms distant. 
Thus, the setting required is approximately four times the 
minimum impedance condition. Similarly, Zone 2 at R 
must be set for more than 40.05 ohms; that is, more than 
four times the actual impedance of 10 ohms (Table 17-II). 


To set Z4 at H, an additional fault study must be made un- 
der all operating conditions to determine the maximum ap- 
parent impedance that may occur for a fault on either bus 
G or bus R. To avoid operation on heavy load or system 
swings, long Z4 settings may require such restrictions as off- 
set circles or blinders. (See Chapter 19.) 


A nominal overreach under the maximum apparent ohm 
condition may result in excessive Zone 2 overreach under 
other operating conditions. Coordination with relays pro- 
tecting the lines from the remote busses may thus require 
long time settings or compromises. For some applications 
requiring nominal operating times for faults near the remote 
terminal, it may be necessary to tolerate miscoordination 
and possible incorrect operation for remote faults occurring 
under conditions that permit a large Z5 overreach. 


IL.A.5. Zone 3 Distance Relay Settings and 
Remote Backup 


The conditions that result in very long Zone 2 settings also 
apply to Zone 3. Setting Zone 3 to protect all the adjacent 
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line sections may not be possible or may cause excessive 
overreach under some operating conditions. Thus, in many 
applications, remote backup is either impossible or imprac- 
tical. Additional infeeds at the remote busses further com- 
plicate setting Z3 to cover all of an adjacent line and may 
also help to limit overreach. 


I1.B. Pilot Protection for Multi-Terminal Lines 


Multi-terminal lines require pilot protection for high speed 
protection in all but a few cases. The choice of a pilot sys- 
tem is determined by two basic considerations: protection 
features and pilot channel availability. 


Where a pilot wire channel is available, ac pilot wire relay- 
ing (HCB, HCB-1) is preferred for short lines. In other 
cases, either a pilot blocking system or a transfer-trip pilot 
system may be used, although a blocking system is generally 
preferred. Blocking pilot systems are either directional 
comparison or phase comparison; transfer-trip pilot systems 
are direct underreaching, permissive underreaching, or over- 
reaching. The features of the blocking and transfer-trip sys- 
tems can be combined in a directional comparison unblock 
system. 


II.B.1. Alternating-Current Pilot Wire Schemes 


As described in Chapter 14, the ac pilot wire scheme is a 
current-differential system that is applicable to three-termi- 
nal lines. Because it operates on the total fault current, the 
system is relatively independent of the distribution of the 
current among the three terminals. Figure 17-7 illustrates 
the HCB, HCB-1 relay application for a typical case with 
zero infeed at two terminals. This scheme will provide si- 
multaneous high speed tripping of all terminals for phase 
and ground internal faults, with small or even zero infeed 
from one or two of the terminals, provided there is a rela- 
tively high infeed from the remaining terminal or terminals. 


For the ac pilot wire schemes, the pilot channe! must be a 
continuous metallic pair with resistance and capacitance 
values as indicated in Figure 17-8. (See also Chapter 14, 
Table 14-IV.) The series resistance of each leg must be bal- 
anced, which involves adding resistance to the shorter legs. 
These requirements limit the ac pilot wire scheme to fairly 
short lines, usually less than 10 to 15 miles. Also, applica- 
tion to more than three terminals is not recommended. 


Since it is preferable to set the relays above maximum load, 
the ratio of the minimum internal fault current to maxi- 
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Figure 17-7: A Three Terminal HCB, HCB-1 Relay Application to 
Provide Simultaneous Tripping of all Three Terminals 
With a Source at Only One Terminal. 
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Figure 17-8: Three Terminal Pilot Wire Requirements for The HCB, 
HCB-1 Relay. (See also Chapter 14-VI A. Table 14-IV.) 


mum load must be 150 percent greater for three-terminal 
than for two-terminal application. This criterion may not 
be a limitation since, for a multi-terminal line, the third ter- 
minal may supply the additional fault current. Where the 
minimum internal fault current is not sufficiently greater 
than maximum load, distance relays can be used to super- 
vise the pilot wire relays. The pilot wire relays, which are 
set below load on the basis of the minimum fault current, 
will block correctly under all loads and for external fault 
conditions, except in the event of an open pilot wire. In 
such a case, the distance relays will prevent tripping unless a 


fault has occurred within their zone. The distance relays 
must be set to overreach both remote terminals. The nor- 
mal relay setting and application criteria for the HCB, 
HCB-1 relays are covered in Chapter 14. 


II.B.2. Directional Comparison Systems (See Chapter 16) 


II.B.2.a. Directional Comparison Blocking Schemes 


Directional comparison blocking schemes are the most 
widely used pilot systems for protecting multi-terminal 
lines, especially where more than three terminals or taps are 
involved. An on-off power line carrier channel is used with 
a common frequency. For an external fault, all of the ter- 
minals except the one nearest to the fault will usually indi- 
cate tripping but will be blocked by the transmission of the 
carrier from the terminal nearest the fault. 


Since, however, outflow conditions could result in transmis- 
sion of two blocking signals, the common frequency is off- 
set by approximately 100 Hz at (n-1) of the terminals to 
avoid possible cancellation of a received signal. On a three- 
terminal line, for example, one transmitter is tuned to fc, 
another to fc plus 100 Hz, and the third to fc minus 100 
Hz. All receivers are tuned to the channel center frequency 
fe. 


Directional-distance relays are used for phase faults. For 
ground faults, directional overcurrent relays are normally 
used, but distance types may also be applied. The funda- 
mental criteria for relay application are: 


a. The trip units must overreach all remote terminals. 


b. The start units must coordinate with the trip units. Start 
units may be non-directional or directional. If direc- 
tional, they are set looking out or away from the pro- 
tected line section. 


c. The start units must be set further (or more sensitively) 
than all the remote terminal trip units. 


The trip units are set as described above for Zone 2 distance 
relay settings. Very long carrier start settings may be re- 
quired to compensate for high infeed and for the possibility 
of considerable overreach during some operating conditions. 
It is important to realize that the apparent impedance 
“seen” by the remote trip relays can vary significantly from 
the apparent impedance “seen” by the start relays. The trip 


relays are affected by the infeed within the line section, as 
well as by the infeed at the remote bus, while the start re- 
lays are affected only by the remote-bus infeed. With multi- 
terminal lines, then, the start units’ settings must be coordi- 
nated with all remote trip units. 


Overcurrent settings for ground relays pose fewer problems. 
Because of infeed effects, however, the setting magnitudes 
can be quite low. In all cases, the 31g start unit pickup 
must be set at least 25 to SO percent lower (that is, more 
sensitively) than any 31g trip unit pickup. 


The directional comparison blocking system allows tripping 
at the other terminals if one or more of the carrier trip re- 
lays do not respond to a particular internal fault. With the 
opening of the breakers at the terminals responding to the 
internal fault, a redistribution of fault current may provide 
high speed sequential tripping. 


Fault current outfeed from one terminal for an internal 
fault will result in a blocking signal, preventing the other 
terminals from tripping. Because these faults are near one 
terminal, a supplement Zone 1 or instantaneous trip unit 
can, in general, be applied at the breaker nearest the fault to 
provide high speed tripping. The subsequent redistribution 
of fault current will permit high speed sequential operation 
of the directional comparison blocking system. 


In short, directional comparison blocking is the most flex- 
ible, most easily applied protection for multi-terminal lines. 
It can usually be expanded from a two-terminal application 
to cover additional terminals, with minimum effect on the 
existing terminals. Similar equipment can be added at new 
terminals, and existing terminals usually require only reset- 
ting. The system requires simply a single-frequency on-off 
channel, with a slight shift in tuning. 


II.B.2.b. Transfer-Trip Schemes 


Transfer-trip systems, which require a channel signal to trip, 
are recommended for use with microwave or audio tone 
channels over telephone-type circuits. These channels are 
separated from the protected line to eliminate the need for 
sending a tripping signal through a fault. For multi-terminal 
lines, a separate channel is required from each terminal to 
every Other terminal. In other words, three channels are re- 
quired for a three-terminal line. This multiple-channel re- 
quirement tends to limit the application of transfer-trip sys- 
tems on multi-terminal lines. 
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On the other hand, transfer-trip schemes do not require car- 
rier start units and thus eliminate the need for coordinating 
trip and start units under the various infeed and outfeed op- 
erating conditions. 


I.B.2.b.i. Permissive and Non-Permissive Underreaching 
Transfer-Trip 


Trip fault detectors at all terminals must overlap each other, 
at least in pairs, but must not overreach any remote termi- 
nal. That is, all of the protected line must be covered by 
one or more trip fault detectors. Zone 1 distance setting 
will provide this requirement on multi-terminal lines. Since 
setting ground overcurrent relays to meet these require- 
ments may be difficult or impossible, distance ground relays 
are preferred. A simplified setting diagram and dc sche- 
matic are shown in Figure 17-9. 


Trip Fault Detector at G 
H 


Transfer Trip 
Channel to H (1 ) 


Transfer Trip 
Channel to R (fy 


| Trip Foult 


Detector at G 
(Zone 1} 


i Receiver il Receiver 

Relay for Relay for 
Channel from Channel from 
Relays at H Relays at R 


Key Transfer 
Trip Transmitter 
at GtoH And R 


Trip Breaker G 


Note: 
Trip Fault Detectors Required for Both Phase 
and Ground Faults 


Figure 17-9: Simplified Setting Requirements and Basic Dc 
Schematic of a Non-permissive Underreaching Line 
Transfer Trip Protection System for Station G of a 
Three Terminal Line. Similar Equipment is Required 
at H and R. The Trip Fault Detector at G, H and R 
Must Overlap at Least in Pairs and not Overreach 
any Remote Bus. 


Non-permissive (direct) underreaching systems, while sim- 
ple, are relatively insecure. Since tripping can occur for 
spurious or inadvertent channel signals, overreaching fault 
detectors are usually applied for a permissive system. These 
detectors must be set to overreach all remote terminals, as 
discussed above for Zone 2 settings. 
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As shown in Figure 17-10, tripping in this permissive system 
requires the receipt of a channel signal from any of the re- 
mote terminals and the operation of the overreaching or 
permissive fault detector. 


ee Fault Detector G (Zone 2} t 


Trip Fault Detector G (Zone 1) 


G 


os 
Transfer Trip 
Channel to H (f,) 


\ 
! 
I 
{ 
| 
Transfer Trip Y 


Channel to 
R(f;) 
open 2 
Trip Fault ifs Permissive 
Detector at Fault Detector 


G (Zone!) at G (Zone 2) 


Receiver Relay 
for Channel from 
Relays at H 


Receiver Relays 
for Channel from 
Relays at R 


Key Transfer 
Trip Transmitters 
atGtoH and R 


Trip Breaker G 


Note: 
Trip and Permissive Fault Detectors Required for Both Phase and 
Ground Faults. 


Figure 17-10: Simplified Setting Requirements and Basic. Dc 
Schematic of a Permissive Underreaching Line 
Transfer Trip Protection System for Station G of a 
Three Terminal Line. Similar Equipment is Required 
at H and R. The Trip Fault Detector at G. H and R 
must Overlap at Least in Pairs and Not Overreach 
any Remote Bus. The Permissive Fault Detectors 
must Overreach all Remote Busses. 


For the outfeed condition on an internal fault, the terminal 
nearest the fault should detect the fault, trip its own 
breaker, and send a trip signal to the other or remote termi- 
nals. In the permissive scheme, directional overreaching re- 
lays at the outfeed terminal would delay tripping until the 
other breakers open to reverse the flow of fault current. 
Permissive systems require no additional equipment for pro- 
tection under outfeed conditions. 


II.B.2.b.ii. Overreaching Transfer-Trip 


In overreaching transfer-trip systems, the trip fault detector 
at each terminal must operate for all internal faults. That is, 


they must be set for more than the maximum apparent im- 
pedance for Zone 2, or for less than the minimum ground 
current for any internal fault. Such a system is always per- 
missive, since the trip detector is also used as a permissive 
fault detector. The settings and simplified dc schematic for 
the system are shown in Figure 17-11. 


Permissive Trip Fault Detector at G (Zone 2) 


> 
Transfer Trip 
Channel to H (fy) 


Transfer Trip 

Channel to R 

R (f)) 

| Permissive Trip Fault 
Detector at G (Zone 2) 
Key Transfer Receiver Relay for 

Trip Transmitters Channel from Relays at H 
atG toH andR 


Receiver Relay for Channel 
from Relays at R 
Trip Breaker G 


Note: 


Permissive-Trip Fault Detectors Required for Both Phase and 
Ground Faults 


Figure 17-11: Simplified Setting Requirements and Basic Dc 
Schematic of an Overreaching Line Transfer Trip 
Protection System for Station G of a Three Terminal 
Line. Similar Equipment is Required at H and R. The 
Permissive-Trip Fault Detector at G, H and R Must 
Overreach all Remote Busses. 


Since each terminal must detect the internal fault before 
tripping is allowed at any terminal, sequential tripping is not 
possible with overreaching transfer-trip. Additional Zone 1 
and instantaneous trip units, however, are usually applied to 
trip the terminal nearest the breaker. For the outfeed con- 
dition, this arrangement will reverse the fault current, per- 
mitting high speed sequential tripping of the other termi- 
nals. A trip signal must also be transmitted continuously 
when one of the terminals is not in service. 


II.B.2.c. Directional Comparison Unblocking Schemes 


Directional comparison unblocking schemes combine fea- 
tures of the blocking and transfer-trip systems. Essentially, 


the scheme consists of a blocking system that transmits the 
blocking signal continuously. Carrier start units are thus 
not required. Continuous channel monitoring is also pro- 
vided with the continuous transmission of a blocking signal. 


Overreaching phase- and ground-fault detectors are applied 
and set as for directional comparison blocking or overreach- 
ing transfer-trip systems. For an internal fault, the direc- 
tional fault detectors at each terminal must remove block- 
ing. The absence of blocking from all terminals may cause 
simultaneous tripping of all terminals (Figure 17-12). 


Trip Fault Detector at G (Zone 2) | 


> 
Continuous Blocking 
Channelto H (f, ) 


\ 
| 
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Continuous Blocking 
ChanneltoR (f)) 


Trip Fault 
Detectors at G 
(Zone 2) 


Block Frequency fromH 


Block Fi ncy from R 
crash kL Shift to Unblock State 


Transmitters at 
GtoHandR 


‘Trip Breaker G 


Note: 
Trip Fault Detectors Required for Both Phase and Ground Faults 


Figure 17-12: Simplified Setting Requirements and Basic Dc 
Schematic of an Unblock Directional Comparison 
Protection System for Station G of a Three Terminal 
Line. Similar Equipment is Required at H and R. The 
Trip Fault Detector at G, H and R Must Overreach 
atl Remote Busses. 


For a three-terminal line, three frequencies are required; 
power line carrier channels with narrow-band frequency 
shift can be used. Frequency shift sets require minimum 
spectrum and provide high signal-to-noise ratios. (See Chap- 
ter 15.) 


For the outfeed condition, additional Zone 1 distance and 
instantaneous trip relays are required to trip the terminal 
nearest the internal fault. The subsequent fault current re- 
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versal then permits high speed sequential tripping of all 
other terminals. 


When any terminal is removed from service, blocking must 
be removed from that terminal. (See Chapter 16.) 


II.B.3. Phase Comparison Systems (See Chapter 16) 


Phase comparison systems are not usually applied to multi- 
terminal lines. With these systems, it is often difficult to 
obtain the proper pickup ratio and still keep the units set 
above maximum load and below minimum fault current at 
all terminals. For the single-comparer scheme used with an 
on-off carrier channel, the ratio should be 2.5:1 between 
the pickup of the low set (carrier start) unit and the high set 
(carrier trip) unit. 


If a lower margin, or the two-terminal line margin ratio of 
1.25:1 were used, the trip unit at H (Figure 17-13a) could 
pick up under external fault conditions without operating 
the start unit at either G or R. The system would thus per- 
mit incorrect tripping of the H relay for the external fault 
shown. Under outfeed conditions (Figure 17-13b), a false 
trip could occur at G with a pickup ratio of less than 2:1 
between the carrier trip and start units. 


External 
Fault 


External 
Fault 


b) Outfeed Case 


Figure 17-13: Distribution of Fault Currents Establishing The 
Setting Criteria for Phase Comparison Pilot Relaying. 


If these pickup ratio criteria can be met, the single-comparer 
phase comparison system can be applied with an on-off 
power line carrier channel. A common channel can be 

used, with each transmitter operating at a slightly different 
frequency, to avoid possible cancellation of a received sig- 
nal. If one transmitter for a three-terminal line is tuned to 
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fc, the other two should be tuned to approximately fc plus 
100 Hz and fe minus 100 Hz. All three receivers operate 
at fe. 


A dual-comparer system has better sensitivity and is less dif- 
ficult to set for maximum load and minimum faults. This 
system uses either a frequency-shift power line carrier or 
audio tones over a telephone-type line or microwave. The 
frequency shift channel is continuously operated and 
square-wave keyed by load current, at approximately 1.0 A. 
For this reason, the low-level start fault detector is not re- 
quired. An arming fault detector, set above maximum load 
and below the minimum internal phase-fault current, re- 
stricts operation to fault conditions and avoids incorrect op- 
eration in case of channel problems. 


A separate channel is required from each terminal to all 
other terminals for the dual-comparer system. Thus, for a 
three-terminal line, one transmitter and two receivers are re- 
quired at each terminal. 


Fault current outfeed for an internal fault will block all ter- 
minals in both types of phase comparison systems, Addi- 
tional Zone | distance relays or instantaneous trip units are 
usually applied. These units provide instantaneous tripping 
of the breaker nearest the fault. Subsequent reversal of 
fault current will permit high speed sequential tripping of 
all the remaining terminals. 


Ill. TAPPED LINE PROTECTION 


Taps offer an economical way of using a transmission or 
subtransmission line for distribution. The transformer bank 
is often connected directly to the line, without a high-side 
breaker (Figure 17-2). The bank may be a two- or three- 
winding type—or an auto transformer. To design a protec- 
tion scheme for such a system, the connections, grounding, 
and bank impedance must be known. 


This section will cover taps which supply load only. Taps 
with local generation, heavy motor loads, or interconnect- 
ing ties that supply low energy (sufficient to maintain a 
fault on the protected line) will be discussed under weak- 
feed terminals below. 


With a transformer as part of the line, the relays at G and H 
in Figure 17-14 must operate for all faults on the line sec- 
tions and in the tap transformer (that is, within Zo Zyp 


Zp: and Zy). In addition, they must coordinate with the 
relays protecting bus R and its load feeder circuits, as well 
as with the relays beyond either bus G or H. When bus R is 
energized, there can be a magnetizing inrush at G or H to 
the banks tapped on the line. This inrush is not expected to 
operate relays at G or H unless there are several transformer 
banks and/or very large capacity bank(s) together with rela- 


tively short line sections. 


Load Feeder Circuits 
(No Fault Source) 


Figure 17-14: A Tap in a Line GH to Serve Bus R. 


Distance relays with long settings are more subject to opera- 
tion on inrush than those with shorter settings. Where a 
problem exists, the HRU three-phase, instantaneous over- 
current relay, which provides second-harmonic restraint, 
can be used to supervise the line relays. This relay responds 
to the high second-harmonic component present in the 
transformer inrush current and blocks tripping. 


III.A. Distance Relay Settings 


Zone | relays at G are set for 80 to 90 percent of the im- 
pedance (Zq tf Z1y) or (Zo + ZR + Zy); whichever is 
smaller (Figure 17-14). Since there is no source behind bus 
R, there is no apparent impedance problem. Good coverage 
of the line sections is obtained when (Zp + Zr) is approxi- 
mately equal to or greater than either Zy or Zo: 


If a line-side breaker is used at the transformer, then Zone | 

at G must be set for 80 to 90 percent of the smaller imped- 
ance—either (Zo ae Zip) or (Zo + Zp). Similarly, Zone 1 at 

H must be set for the smaller of the impedances (Zi + Zo) : 
or (Zy + Zp). With Zp frequently zero (a transformer 

bank at the tap point), the reach of Zone 1 may be limited 

either at G when Zo is small compared to Zup or at H when 

Zy is small compared to Zq: Alternatively, the Zone | re- 

lays can be set as if the line-side breaker did not exist, on 

the assumption that very few transformer faults will occur. 


The Zone 2 distance relay at G must be set above the maxi- 
mum of either (Zq + Zy) or (Zo + ZR); whichever is 
greater, and perhaps for more than (Zo + ZR + Zy). Like- 
wise, the Zone 2 distance relays at H must be set higher 
than the maximum of (Zy + Zq) or (Zy + Zp), and per- 
haps more than (Zyy + ZR + Zy). The setting at G, relative 
to the impedance (Zo + Zyp> is a function of the relaying 
on the lines to the right of H; at H, relative to (Zi + Zq); 
the setting is a function of relaying on lines to the left of G. 


Zone 2 relays must be coordinated for time and distance 
with the protection on the lines from the remote bus. (See 
Chapter 10.) Asa result, relay reach through the trans- 
former Zr may be limited, eliminating potential coordina- 
tion problems with lines from bus R. If the Zone 2 relays 
reach through Zy; they must be coordinated with the relays 
on the circuits from bus R. 


Similar coordination is necessary for Zone 3 relays at G and 
H, which are set as for Zone 2 but for a greater distance. 


The reach of single-phase phase distance relays at G or H for 
ground faults at or near bus R should also be considered. 
Such ground faults appear as phase faults on the line side. 
This phenomenon, however, is not a problem with the 
K-DAR-type relays, which have a fixed reach through all 
types of transformer connections and will not respond to 
remote ground faults. 


For multiple taps on a line section, the same logic applies: 
the Zone 1 at each terminal must not overreach the remote 
source terminal or reach through any transformer tap. Zone 
2 and Zone 3 must overreach the remote source terminal 
and into the adjacent lines and must always be set into each 
tap transformer. Obtaining this coverage may require reach- 
ing through one or more of the tap transformers and, there- 
fore, coordinating with relays protecting the circuits on the 
other side. 


III.B. Ground Relay Settings 


The fundamentals of distance relay settings apply to both 
phase and ground relays. Setting directional overcurrent re- 
lays requires coordination, as described below. 


If the tapped transformer bank or banks are all connected 
wye-delta or delta-wye, the ground relays will not operate 
for ground faults on the opposite side of the bank. The re- 
lays do not, then, require coordination with relays on bus 
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R. If the line side is wye-grounded, zero sequence current 
will be supplied to the line faults, producing apparent im- 
pedance or reduced current. This situation is shown in Fig- 
ure 17-14, assuming a ground fault on the line near bus H. 
The infeed from Zr will shorten the reach of a distance 
ground relay at G. Alternatively, the zero sequence current 
through a directional overcurrent relay at G may be reduced 
because of the current supplied via Ly. Fault studies are 
necessary to study this effect. If the bank has no high-side 
breakers, fuses, or automatic disconnects (if, in other words, 
the bank is permanently connected to the line), this effect 
may help instantaneous trip or Zone | relays to provide 
more line coverage. They can be set into but not through 
the bank. 


Where zero sequence currents can pass through the bank— 
such as with an autotransformer or a wye-grounded, delta- 
wye-grounded transformer—the relays at G and H will ‘‘see”’ 
ground faults at R. They must then be coordinated with 
the bus and circuits from R. Also, if there are other ground 
sources at R or beyond, an apparent or reduced current ef- 
fect can occur. 


IlI.C. Protecting Tapped Transformers 


Distance or overcurrent relays at a remote location, set into 
or through a transformer, provide limited protection for 
tapped transformers. The best protection for the trans- 
former is, however, a local-differential scheme with sudden 
pressure relays. (See Chapter 8.) Such a scheme requires 
high-side current transformers usually available for all but 
very small units. Alternatively, a sudden-pressure relay can 
be used with the distance-overcurrent protection at the re- 
mote terminals set into or through the bank. 


With local-differential or sudden-pressure protection, the re- 
lays must trip the remote breakers, which will operate for 
light faults not detected by the remote relays. A direct 
transfer-trip channel to each source terminal or a line 
grounding switch are often used for this purpose. A line 
grounding switch initiates a solid fault on the line that can 
be detected by the remote terminals. Transfer-trip systems 
for tapped transformers are discussed in Chapter 16. 


I1.D. Blocking Terminals 
The above discussion of tapped line protection is based on 


non-pilot protection. Tapped lines, however, are more 
likely to be protected by pilot relays. In many cases, the 
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phase and ground relays at G or H (Figure 17-14) can be set 
to overreach the remote source terminal but not the tap ter- 
minals, such as bus R. In these systems, conventional line 
pilot protection can be used without any protective equip- 
ment at the tap. If, however, the terminal relays reach 
through the tap transformer to overreach the other source 
terminals, a blocking terminal is required at the tap termi- 
nal. The blocking terminal is designed only to prevent the 
pilot relays at the source terminals from tripping for faults 
at or beyond the tap bus (such as R in Figure 17-14). The 
blocking terminal does not provide tripping, since the tap 
terminal (load only) does not have to be open for the line 
fault to clear. A blocking terminal is usually required where 
there is a line-side breaker at the tap. 


Figure 17-15 illustrates the fundamental application of 
blocking terminals. Relays at the tap should coordinate 
with the tripping relays at G or H. For phase comparison, 
overcurrent relays (50) are used. A distance relay is pre- 
ferred for distance units, although an overcurrent relay can 
be used if it will operate for all types and levels of faults on 
bus R or on the circuits connected to bus R. If zero se- 
quence cannot flow through the bank, only phase relays are 
required. 


Pilot Relay 
Terminal 

Transmitter 
Receiver 


Pilot Relay 
Terminal 
Transmitter 
Receiver 


Figure 17-15: A Blocking Terminal at Tap R for Pilot Relaying 
Protecting Line GH. 


The relays (50 or 21) operate for faults at bus R and on the 
connected circuits external to line GH, sending a blocking 
signal to both G and H. These relays will not operate for in- 
ternal faults, since there is no source connected to bus R. 
However, the relays must be set sufficiently high to avoid 
operation on momentary motor contribution to a line fault. 
If overcurrent or distance types cannot meet this criterion, 
directional relays may be required. 


IV. PROTECTING WEAK-FEED TERMINALS 


A weak-feed terminal or tap is characteristically unable to 
contribute sufficient current to operate local fault-detecting 
relays (distance or overcurrent) for some or all internal 
faults. At the same time, however, its very low fault contri- 
bution can maintain the fault. The terminal must thus be 
opened to clear the fault. If high speed reclosing is used, 
this weak-feed terminal or tap must be opened quickly to 
permit deionization of a transient fault arc. 


A weak-feed may occur for phase and/or ground faults and 
weak-feed protection is required. Normal protection may 
be used for either phase or ground faults where the weak- 
feed condition does not exist. Care should be exercised for 
phase relay operation on ground faults, and vice versa, in 
mixed systems. 


Where high speed clearing at all terminals is required, some 
form of pilot relaying must be applied. Pilot wire, direc- 
tional comparison, or phase comparison systems can be 
used. In such applications, the strong-feed terminal(s) must 
provide ample fault current for all faults under all operation 
conditions. 


IV.A. Alternating-Current Pilot Wire Schemes 


As discussed above, the HCB or HCB-1 pilot wire system 
can trip a weak-feed, zero-feed, and even a small reverse- 
feed terminal if the current to the internal faults from the 
other terminal(s) is large. This scheme operates on the total 
internal fault current and is relatively independent of its 
distribution. 


IV.B. Directional and Phase Comparison Blocking 
Pilot Systems 


Blocking systems using an on-off channel permit strong-feed 
terminal operation independent of the status of the weak- 
feed terminal, for all internal faults. During normal condi- 
tions no channel signal is transmitted from either terminal. 
In the event of an external fault behind the weak-feed ter- 
minal, its phase- and/or ground-fault detection operates on 
the through-fault current, transmitting a blocking signal 
that prevents the strong-feed terminal(s) from tripping. The 
reverse is not true as the weak-feed terminal will not see ex- 
ternal and most internal faults without weak-feed line pro- 
tection. 


The weak-feed terminal may be tripped by direct transfer- 
trip from the strong-feed terminal which operates on inter- 
nal faults. Sensitive directional overcurrent relays can also 
be applied with undervoltage relays at the weak-feed termi- 
nal. The undervoltage relays will operate on the small en- 
ergy to the internal fault. In this case, undervoltage carrier 
start relays are required at all the terminals and must be set 
more sensitively than the tripping undervoltage relay at the 
weak-feed terminal. This procedure will avoid tripping the 
weak-feed terminal for external faults behind the strong- 
feed terminal(s). 


IV.C. Permissive Pilot Schemes 


IV.C.1. Unblocking and Permissive Overreach 
Transfer-Trip 


These permissive schemes require that all of the line termi- 
nals recognize the fault. Consequently, a complement of 
additional relays is required at the weak-feed terminal. If 
the terminal will always be a weak-feed source, the normal 
complement of forward-looking relays may be omitted, and 
the weak-feed equipment substituted. If the terminal is 
sometimes weak and sometimes strong, both the normal and 
weak-feed complement of relays should be applied. This ar- 
rangement ensures high speed simultaneous clearing at all 
line terminals, for all faults, and under all operating con- 
ditions, 


The weak-feed complement and logic is outlined in Figure 
17-16. It consists of directional reverse-looking fault detec- 
tors (21S) for phase, and/or (67NS or 21NS) for ground; 
undervoltage (27) for phase, and/or overvoltage (59N) for 
ground. The voltage relays sense faults at the weak-feed ter- 
minal and operate for either internal or external faults. The 
reverse-looking distance relays 21S, 67NS, and 21NS oper- 
ate only if the fault is external at H. Tripping is permitted 
at Hin the absence of 218, 67NS, or 21NS operation, and 
the receipt from station G of a trip signal (or the absence of 
a blocking signal in the unblocking system). The signal 
from station G is necessary to prevent tripping H for exter- 
nal faults Fy , Since 27 and 59N will operate for these faults. 


For internal faults Fy, the relays (21P and/or 67NP or 
21NP) at G will send a signal to operate relay 94-1 at H. In 
the absence of 21S and/or 67NS or 21NS operation, H will 
then trip on the operation of 27 and/or 59N, plus 94-1 at H. 
In turn, the channel is keyed back to station G. Relay 94-2 
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Figure 17-16: Simplified One Line Diagram Illustrating The 
Weak-Feed Logic. 


operates, in conjunction with 21P and/or 67NP or 21NP, to 
trip breaker G. This phenomenon, known as “echo trip- 
ping,” is summarized in Table 17-III. 


Table 17-III 
Simplified Tripping and Keying Logic for the 
Permissive Schemes as Applied to a Weak-Feed 
Transmission Line in Figure 17-16 


Strong Source G 


Breaker Tripping | (21P and/or 67NP |(27 and/or 59N) x 
or 21NP) x 94-2 218, 67NS, or 
INS) x 94-1 


As above 


Weak Source H 


Transmitter 
Keying 


(21P and/or 67NP 
or 21NP) 


Note: 21S indicates operation while 21S indicates no operation. 


Source 


Device Location Function 


21P Strong Forward-Reaching, Directional Dis- 
tance Phase Relay 

21NP Strong Forward-Reaching, Directional Dis- 
tance Ground Relay 

67NP Strong Forward-Reaching, Directional Over- 
current Ground Relay 

94-2 Strong Trip-Signal Relay (Channel from 
weak to strong terminal) 

21S Weak Reverse-Reaching, Directional Dis- 
tance Phase Relay 

21NS Weak Reverse-Reaching, Directional Dis- 
tance Ground Relay 

67NS Weak Reverse-Reaching, Directional Over- 
current Ground Relay 

27 Weak Phase-Undervoltage Relay(s) 

59N Weak Ground-Overvoltage Relay 

94-1 Weak Trip-Signal Relay (Channel from 


strong to weak terminal) 
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IV.C.2. Phase Comparison Schemes 


Permissive dual-phase comparison systems that use a fre- 
quency shift channel normally have continuous keying. The 


weak-feed terminal will thus permit the strong-feed terminal 


to trip for internal faults, in a manner similar to the block- 
ing schemes. A direct-trip channel from the strong-feed to 
the weak-feed terminal is required if the weak-feed terminal 
must be tripped at high speed. 


IV.D. Underreaching Pilot Schemes 


Underreaching schemes are not applicable to lines with 
weak-feed terminal(s), since the protection at the strong- 
feed terminal does not “see” faults near the remote termi- 
nal, By definition, the weak-feed terminal cannot support 
the normal underreaching trip fault detectors. 


IV.E. Summary 


Schemes for protecting weak-feed terminal(s) can be sum- 
marized as follows: 


. The ac pilot wire scheme provides high speed simultane- 


ous tripping of all terminals. Its use is limited to short 
lines with no more than three terminals. 


. Blocking systems with directional comparison permit a 


complement of phase-undervoltage and/or ground-over- 
voltage relays to be applied for high speed tripping of 
the weak-feed terminal(s). 


. Blocking systems without directional comparison require 


a trip channel from the strong-feed source to trip the 
weak-feed terminal(s). 


. The directional comparison permissive schemes (unblock 


or permissive-overreaching, transfer-trip types) can be 
used if a complement of relays for weak-feed logic is ap- 
plied at the weak-feed terminal(s). 


. The dual-phase comparison permissive schemes can be 


used only with a direct-trip channel from the strong-feed 
terminal(s) to trip the weak-feed terminal(s). 


Underreaching transfer-trip schemes (direct or permis- 
sive) cannot be used for weak-feed lines. 
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I. INTRODUCTION 


Backup relaying, which provides necessary redundancy in 
protective systems, is defined in the IEEE Standard Diction- 
ary as “‘protection that operates independently of specified 
components in the primary protective system and that is in- 
tended to operate if the primary protection fails or is tem- 
porarily out of service.” 


In the past, backup protection for lines was provided by ex- 
tending primary protection to line sections beyond the re- 
mote bus. This remote backup is defined in the IEEE Dic- 
tionary as “backup protection in which the protection is at 
a station or stations other than that which has the primary 
protection.” 


Backup protection for equipment such as generators, busses, 
and transformers usually duplicates the primary protection 
and is arranged to trip the same breakers. In the event of a 
breaker failure,* some remote line protection would isolate 
the fault. 


With the advent of EHV and the increased concern about 
both service continuity and possible breaker failures, local 
backup, including breaker-failure protection, has become 
common. Unlike remote line protection, local backup is ap- 
plied at the local station. If the primary relays fail, local 
backup relays will trip the local breakers. If the local 
breaker fails, either the primary or the backup relays will 
initiate the breaker-failure protection to trip other breakers 
adjacent to the failed breaker. While local backup protection 
has many advantages and is widely used, it does not auto- 
matically eliminate the need for remote backup. 


A protection system involves a number of elements, includ- 
ing protective relays, ac current transformers and wiring, ac 
voltage transformers or devices and wiring, dc supply and 
wiring, circuit breaker or other disconnection means, and 
communication channel with pilot relaying. Ideally, a 
backup protection system should duplicate all these ele- 
ments to provide total redundancy. In practice, however, 
circuit breakers are not duplicated. Many modern breakers 
have two independent trip coils, and breaker-failure protec- 
tion provides a duplicate function. All other elements can 
be and frequently are duplicated in a variety of combina- 
tions, depending on the degree of protection required. 


*Breaker failure is defined as a failure of the breaker to open or to 
interrupt current when a trip signal is received. 


The maximum practical redundancy in separating two protec- 
tion systems is shown in Figure 18-1. The common element 
is the circuit breaker; even so, separate trip coils are shown. 
If a common station battery is used, separate fused leads 
from the battery are used for the two protection systems. 
Quite frequently, only one voltage source is used, and sepa- 
rate leads are run from the transformer to the relays. 
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Figure 18-1: Transmission Line Protection With Maximum 
Practical Redundancy. 


System 


Since, in many cases, it is difficult to separate primary and 
backup protection, both are discussed in the appropriate 
chapters on equipment protection. This chapter covers the 
fundamentals of backup protection and discusses backup 
protection systems designed primarily for transmission lines 
and associated bus configurations. 


II. REMOTE VERSUS LOCAL BACKUP 
I.A. Remote Backup 


A remote backup system is shown in Figure 18-2. The re- 
lays at bus G for breaker 1 for protecting line GH must also 
overreach and protect all other lines extending from the re- 
mote bus H. That is, the relays at G must operate selectively 
for faults on lines HR, HS, and HT if the relays or breaker 2, 
3, or 4, respectively, fail to clear the associated line fault. 
Thus, the relays on breaker | provide primary protection 
for line GH, as well as backup protection for lines HR, HS, 
and HT. Backup systems use time discrimination to detect 
faults in the remote line sections. ‘ 


In designing remote backup systems, their selectivity, sensi- 
tivity, speed, and application must be considered. 


Tapped Load 


Note: 


The Infeed Effect at Bus H Reduces The Current Magnitude and 
The Reach of Distance Relays at Breaker 1, Bus G for Faults on 
Lines HR, HS or HT. 


Figure 18-2: Remote Back-up at Bus G, Breaker 1 Requires 
These Relays to Selectively Operate for Faults on 
Lines HR, HS and HT Under all Operating Conditions. 


II.A.1. Selectivity 


Opening breaker 1 at G for faults on a remote section may 
interrupt service to tapped loads on line GH unnecessarily. 
For a breaker failure at bus H, all lines feeding fault power 
through the defective breaker must be opened at their re- 
mote ends with remote backup. Such a scheme interrupts 
all loads on the lines, as well as on bus H. Thus if breaker 
2 fails to open for a line HR fault, breakers at G,S & T 
must be opened with remote backup. 


IJ.A.2. Sensitivity 


Relays 1 at bus G may not “‘see”’ faults near busses R, S, or 
T. For the scheme shown in Figure 18-2, the fault infeed ef- 
fect at bus H for faults near R, S, or T tends to reduce the 
current magnitude and ‘“‘reach”’ of distance relays at breaker 
1 at bus G. In these cases, relays at other remote terminals 
will have to trip first, redistributing the fault currents and 
increasing the effective reach of the relays at bus G. This 
can result in sequential tripping. 


II.A.3. Speed 


Remote backup must be relatively slow to give the primary 
relays in the remote line time to clear their fault (Figures 
18-3 and 18-4). As the coordinating time interval is typi- 
cally 0.3 sec, backup times greater than 20 cycles are com- 
mon. If sequential tripping is necessary, as indicated in the 
preceding paragraph, the fault-clearing time for the breaker 
for a remote backup must be further increased. 
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Figure 18-3: Remote Back-up at Bus G, Breaker 1 for Line HR 
With Inverse Time Overcurrent Relays. 
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Figure 18-4: Remote Back-up at Bus G, Breaker 1 for Line HR 
With Distance Relays. 


II.A.4. Application 


The application and setting of relays for remote backup re- 
quires an understanding of fault levels under all possible op- 
erating conditions. 


II.B. Local Backup and Breaker Failure 


II.B.1. Definitions 


Local backup and breaker-failure protection are character- 
ized by fault detection and initiation of tripping at the local 
terminal. For example, if a fault on line HR (Figure 18-2) 
is not properly cleared by the primary protection system be- 
cause of a failure in any part of the system other than the 
circuit breaker, the secondary relaying system will detect 
the fault and trip breaker 2. If the fault on line HR is not 
properly cleared because of a failure of breaker 2, then the 
primary and/or secondary protective relays will initiate 
local breaker-failure backup to open breakers 3, 4, and 5 at 
bus H. 
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For effective local backup, then, there must be at least two 
relatively independent protective systems that cover all the 
lines or equipment being protected. For breaker failure, 
however, only one protective system is required, even 
though the protection is initiated by both the primary and 
the secondary relaying systems. With this exception, the cir- 
cuitry and operation for local backup and breaker-failure 
protection are identical. 


Instantaneous relays can be considered as an independent 
protective system. Because these relays do not fully cover 
the line section, however, a remote end-zone fault would re- 
quire an additional protection system. Local backup is usu- 
ally applied only on lines equipped with a primary pilot sys- 
tem backed up by a second pilot system or by non-pilot 
backup relays, or both. 


II.B.2. Basic Schematic and Operation 


Figures 18-5 and 18-6 illustrate basic local backup and 
breaker-failure schemes for electromechanical and solid- 
state relays, respectively. The operating principle is the 
same for either scheme. In Figure 18-5, operation of one 
of the protective relay systems trips its associated breaker 
and energizes 62X and/or 62Y, which are auxiliary SG-, 
MG-6-, or AR-type relays. Contacts on 62X and 62Y oper- 
ate the timer 62 only if the instantaneous overcurrent relay 
50 indicates that current is continuing to flow. This con- 
tinued current flow, indicating a failure to clear the fault, 
causes the timer to energize the multi-contact 86 (type WL) 
relay, tripping all the adjacent breakers. The 86 relay may 
also be used to block reclosing; to stop carrier with blocking- 
type pilot relaying, so that the remote end can trip, if possi- 
ble; and to initiate transfer-trip. 


Since transformer faults may not provide sufficient current 
to operate device 50, a transformer differential relay can be 


used instead, supervised by the breaker “‘a”’ switch to Oper- 
ate time 62 (Figure 18-6). 


Timer 62 should be energized with device 50 (Figure 18-5) 
rather than through the breaker auxiliary contacts 52a, 
since these contacts may be open while the contacts in a 
damaged breaker are closed. Alternatively, breaker 52a 
contact can be used together with the 50 relay (Figure 
18-6). 


The three overcurrent units (50) are normally connected 
in phases a and c and to ground, but can be connected in all 
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three phases if necessary. The phase units can be set below 
minimum fault current for high sensitivity to current flow, 
or above maximum load if operation can occur on the min- 
imum fault for which protection is required. Setting above 
maximum load helps to prevent undesirable tripping dur- 
ing testing. 


For The Second Breaker With Breaker 
and Half and Ring Bus Schemes 
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Notes: 

1) 94 Function is Auxiliary Tripping Relay Which may not be Required 
With Dual Trip Coils. 

2) Multi-Contacts to Trip Local Circuit Breakers around Failed Circuit 
and Initiate Remote Trip as Required to Isolate Fault, 
Block Reclosing, etc. 


Figure 18-5: Simplified Dc Protection Schematic for Breaker 


Failure and Local Back-up Protection. (Ac Circuit per 
Figure 18-1, 12, or 13). 
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Figure 18-6: Simplified Dc Schematic Logic Diagram for Solid 
State Breaker Failure and Local Back-up Protection. 
(Ac Circuit per Figure 18-1, 12, or 13). 


ILC. Applications Requiring Remote Backup with 
Breaker-Failure Protection 


Where ring busses or breaker-and-a-half schemes are used, 
breaker-failure protection does not necessarily eliminate the 
need for remote backup. As shown in Figure 18-7, a fault 
on any line requires tripping two breakers at station H. A 
fault on line HR, for example, requires tripping both break- 
ers 2 and 3 at station H. If breaker 2 fails to clear the fault, 
breaker failure would initiate tripping of breaker 5 but 
would leave line GH still connected to the fault. The breaker- 
failure protection for breaker 2 frequently initiates transfer- 
tripping of breaker 1 at station G. If transfer-trip is not ap- 
plied or is not operative, however, remote backup at breaker 1 
is still required to clear the fault. 


Because of the infeed effect and high apparent impedances, 
remote backup from the remote stations may be difficult— 
if not impossible—to achieve when all lines are in service. 
Opening the breakers around the failed breaker will, how- 
ever, remove the infeed effect and permit remote backup 
coverage. If, for example, breaker 2 fails for a fault on line 
HR (Figure 18-7), line protection will open breaker 3 and 
breaker-failure protection will open breaker 5 to remove all 
infeeds around station H except that from line GH. 


Breaker-failure protection would trip both breakers 5 and 6 
upon failure of breaker 4 for a line HS fault (Figure 18-7). 
Similarly, the failure of breaker 5 in Figure 18-7 for a line 
GH fault would trip both breakers 4 and 6. All other 
breaker-failure conditions would require remote backup, 
which is recommended in addition to transfer-trip. 
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Figure 18-7: Remote Back-up Required With Breaker Failure at 
Station H Where Ring Bus or Breaker and a Half 
Schemes are Used. 


Iii. BREAKER-FAILURE/LOCAL BACKUP 
APPLICATIONS 


It is recommended that (1) one breaker-failure circuit per 
breaker be applied, regardless of the bus configuration and 
(2) that all adjacent breakers be tripped, regardless of fault 


location. One timer per bus or one timer per breaker may 
be used. The latter is recommended, since it provides maxi- 
mum isolation and flexibility, even though it does involve 
additional timers. These methods will be illustrated for var- 
ious bus arrangements. 


HLA. Single-Line/Single-Breaker Busses 


A typical single-line/single-breaker bus is shown in Figure 
18-8. Figures 18-9 and 18-10 show the dc schematics for 
breaker-failure/local backup protection using one timer per 
bus section. Figure 18-11 shows the schematic for one 
timer per breaker. The two methods—one timer per bus 
(method 1) and one timer per breaker (method 2)—have the 
following differences: 


a. Method 1 is less costly than method 2, since fewer timers 
are required. 


b. Transfer-trip of the remote breaker is easier with method 
2. With method 1, the common timer cannot distinguish 
which breaker has failed. 


c. A spreading fault may cause incorrect breaker-failure op- 
eration with method 1. If a line | fault spreads to line 2, 
with sequential operation of 62X, 62Y, and 50 contacts, 
the common timer circuit may be energized long enough 
to operate and trip all breakers, even though both line 1 
and line 2 breakers trip normally. With method 2, each 
timer is deenergized as soon as the associated line fault is 
cleared. 


d. The common timer approach of method 1 requires that 
the timer be set for the slowest breaker interrupting time. 
Method 2 permits the separate timers to be set for the in- 
terrupting times of the individual breakers. 


Figure 18-8: A Single Line Single Breaker Bus. (The Breaker Failure 
Local Back-up Protective Scheme is Shown in Figure 18-9) 
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Legend: 

62X, Y - Breaker Failure Initiating Auxiliaries Operated by The Line 
Relaying. 

50 - Overcurrent Relay Responsive to Current Flowing Through The 
Individual Breaker. 

62 - Breaker Failure Timer. 

86 - Lock-out Relay. 


Figure 18-9: Typical Simplified Dc Schematic for Breaker Failure 
Local Back-up Protection Using a Common Timer for 
a Single Line Single Breaker Bus of Figure 18-8. 
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Figure 18-10: Typical Simplified Dc Logic Diagram for Breaker 
Failure Local Back-up Using a Common Timer for a 
Single Line Single Breaker Bus of Figure 18-8. 


Similar Circuit 
for Each Breaker 


Trip and Lock-Out all Breakers 
on Bus -G and Transfer - Trip 
Remote Breaker on Line | 


Figure 18-11: Typical Simplified Dc Schematic for Breaker Failure 
Local Back-up Protection Using One Timer per 
Breaker for The Single Line Single Breaker Bus of 
Figure 18-8. (The Solid State Logic Diagram Would be 
as Shown in Figure 18-6 for Each Breaker) 


II.B. Breaker-and-a-Half and Ring Busses 


Typical breaker-and-a-half and ring busses are shown in Fig- 
ures 18-12 and 18-13. These arrangements require tripping 
two breakers and paralleling the current transformers for 
each line, as shown. A current detector (50) is provided for 
each breaker. One timer per breaker is recommended for 
all these bus configurations. Breaker-failure/local backup 
protection systems are shown in Figures 18-5 and 18-6. An- 
other set of 62X, 62Y auxiliaries (shown dotted) must be 
added for the second breaker. 
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Figure 18-12: Single Line Diagram of a Breaker and a Half Bus. 


The breaker-failure/local backup circuits are the same for 
each breaker, except for the application of the 86 relay con- 
tacts. The 86 relay operations are outlined in Table 18-I for 
Figure 18-12 and in Table 18-If for Figure 18-13. Neither 
table includes reclosing lockout, which may be desired. 


It will be noted from Tables 18-I and 18-IJ that all adjacent 
breakers are tripped, regardless of fault location. For sim- 
plicity and reliability, breakers which are already tripped 
will be retripped. Assume, for example, that a fault occurs 
on line | of Figure 18-13. The protective relays for line | 
will attempt to trip breakers 1 and 4 and the remote end of 
line 1. Assume breaker 1 fails to clear, but breaker 4 and 
the remote line 1 breaker do open. Then breaker-failure/ 
local backup need not retrip 4 and transfer-trip line 1, as 
shown in Table 18-I]. Similiarly, for a fault on line 2, it may 
be unnecessary to retrip breaker 2 and transfer-trip line 2. 


It is simpler, however, to trip all breakers involved. This 
practice also provides symmetrical protection around the 
bus. 
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Figure 18-13: Single Line Diagram of a Ring Bus. 


Table 18-I 
Breaker-Failure/Local Backup Operations 
for Bus Type of Figure 18-12. 
(Breaker and a Half Bus) 

(See schematics of Figures 18-5 or 18-6.) 


For Local Backup 
or Breaker Failure 
No. 


86 Relay Operations 


Trip 2 and all other bus breakers, such 
as 4, etc., on bus L. Transfer-trip line 
1. Consider option of 86T and 52a of 
Figure 18-6. ' 


Trip 1 and 3. Transfer-trip lines 1 
and 2. 


Trip 2 and all other bus breakers, such 
as 5, etc.,on bus R. Transfer-trip line 
2. Consider option of 86T and 52a of 
Figure 18-6. 


Table 18-II 
Breaker-Failure/Local Backup Operations 
for Bus Type of Figure 18-13. (Ring Bus) 
(See schematics of Figures 18-5 or 18-6.) 


For Local Backup 
or Breaker Failure 
No. 


86 Relay Operations 


Trip 2 and 4. Transfer-trip lines 1 
and 2. 


2 Trip 1 and 3. Transfer-trip lines 2 
and 3. 


3 Trip 2,4, and 5. Transfer-trip line 3. 
Consider option of 86T and 52a of 
Figure 18-6. 


4 Trip 1, 3, and 5. Transfer-trip line 1. 
Consider option of 86T and 52a of 
Figure 18-6. 


IV. TIMING CHARACTERISTICS 


The breaker-failure/local backup protection should be as 
fast as possible without tripping unnecessarily. This criter- 
ion is particularly important in EHV lines, where stability 
is critical. Here, breaker-failure/local backup timer settings 
of 150 to 250 ms (9 to 15 cycles 60 Hz basis) are used. 
These critical operations require dual solid-state pilot and 
solid-state breaker-failure/local backup protection. With 
electromechanical-type relays, breaker-failure/local backup 
timer settings of around 250 ms or more are practical. 


A time chart for breaker-failure/local backup is given in 
Figure 18-14. The shaded margin time provides security 
and should accommodate the following variables: 


a. Excessive breaker interrupting time. According to ANSI 
Standard C37.04, the interrupting time may be one cycle 
longer for three-cycle breakers at currents below 25% 
of maximum rating. Also, the interrupting time may 
be longer on close-open duty. 


b. Inconsistency in 62X and 62Y times. In the SRU relay, 
with a 0.25-ms operating time, such inconsistencies are 
minimized by static breaker failure initiation (BFI). 

The AR relay BFI in the SRU relay has a 6-ms operating 
time. It is assumed that the pickup of device 50 will be 
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at least as fast as the protective relay plus the 62X, 62Y 
time. If not, the backup clearing time will be longer and 
the margin increased. 


c. Overtravel of the timer. Static timers have less than one 
ms of overtravel. 


d. Inconsistency in 62 timing. The static timer—as con- 
tained in the TD-5, TD-50, and SBFU—has a repeatabil- 
ity (including variations of ambient temperature and volt- 
age supply) of +5%, which is +5 ms for a timer setting of 
100 ms. (6 cycles on 60 Hz base) 


e. Timer setting error, including human error, instrumenta- 
tion error, and potentiometer resolution. The static 
timer may be set to within 2 ms. 


f. A safety factor. To increase security and avoid a false 
86 relay operation, a generous safety margin is desir- 
able. The degree of safety required is a direct function 
of the confidence level of the total protective system. 
Typical values range from 33 to 100 ms (2 to 6 cycles 
60-Hz base). 
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Figure 18-14: Breaker Failure Local Back-up Time Chart. 


V. BREAKER-FAILURE/LOCAL BACKUP 
RELAY CHARACTERISTICS 


Five types of protective relays are used: current detector 
relays, timer relays, auxiliary relays, multi-trip auxiliary re- 
lays, and static breaker-failure relays. 


V.A. Current Detector Relay (50) 
There are two types of overcurrent relays: type KC-4 


(electromechanical) and type SI, SIU (solid-state). Both 
are high speed units with a 98% or greater ratio of dropout 
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to pickup. The KC relay has three cylinder-type over- 
current units in an FT case. It is available in 0.5-2.0, 1-4, 
2-8, 4-16, 10-40, and 20-80 Amp ranges, with continuous 
ratings of 5.0 - 8.0 -8.0 - 10.0 - 10.0 - 20.0 Amp, respec- 
tively. The pickup is approximately 18 to 24 ms at four 
times pickup current, and 12 to 16 ms at eight times 
pickup. Drop-out times are on the order of 20 ms after the 
current decreases to zero. Various combinations of ranges 
for phase and ground applications are available. 


The SI relays have three solid-state magnitude comparison 
units, which are mounted in the FT case. (See Chapter 3.) 
The application is the same as for the KC-4 relay. Ranges 
are 0.25-1.0, 0.5-2.0, 1-4, 2-8, 4-16, and 10-40 Amp each, 
with a continuous rating of 6.0- 8.0-10.0-12.0-15.0- 
20.0 Amp, respectively. Operating times are in the range of 
1.0 to 4 ms at four times pickup current with drop-out 
times of under 5 ms when the current goes to zero. The 


SIU relays are similar to the SI relays, but are rack mounted. 


V.B. Timer Relay (62) 


Direct-current static timers, either the TD-5 or the TD-50, 
are used in all schemes. The TD-5 is used in the electro- 
mechanical schemes with contact input, as shown in Fig- 


ure 18-5. The TD-50 is used in solid-state schemes with 
transitor input, as shown in Figure 18-6. Both units pro- 
vide telephone relay outputs. The range for the breaker- 
failure/local backup applications is 0.05 to 0.4 sec. 


V.C. Auxiliary Relay (62X, 62Y) 


Operating times are 16 to 50 ms for the SG and MG relays, 
and 2 to 3 ms for the AR relays. 


V.D. Multi-trip Auxiliary Relay (86) 


The type WL relay is used, and the operating times are ap- 
proximately 16 ms. 


V.E. Static Breaker-Failure Relay (SBFU) 


This rack-type unit combines the various functions in one 
unit. The SBFU includes all the protection from the 62X 
62Y inputs to the 86BF auxiliary relay shown in Figure 
18-6. With solid-state pilot protection for the lines, the 
SRU pilot auxiliary relay replaces the 62X and 62Y relays 
with a breaker-failure initiation (BFI) output operating in 
0.25 ms. This voltage output will work into the SBFU 
relay. 


> 
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I. INTRODUCTION 


Since relaying systems must function properly during sys- 
tem swings, it is necessary to understand the effects of 
these disturbances on relay performance. Swings are the 
oscillations of synchronous machines with respect to 
other synchronous machines. They are caused by 
changes in load, by switching, and by faults. A swing 
does not necessarily indicate system instability. In some 
cases, however, the swing is severe enough to cause syn- 
chronous machines to go out of step. Before examining 
the influence of system swings on relay performance, three 
factors must be considered: steady-state stability,* tran- 
sient stability, and relay quantities encountered during 
swings. 


*Stability is the ability of a system to develop restorative forces in 
excess of the disturbing forces. 


Il. STEADY-STATE STABILITY 


The fundamentals of power transmission and stability are 
more easily understood if both system resistance, excluding 
the load impedances, and machine saliency are neglected. 
In this case, the power (P) transmitted over circuits con- 
necting two portions of the systems is given by the follow- 
ing equation: 


VoV 
P= 2 Rohe 
»¢ 


(19-1) 
where 


Vs and Ve = Sending- and receiving-end 
voltages, respectively 


X = reactance between Vg and VR 


@ = angle by which Vs leads Ve: 


If system resistance is not neglected, different equations ap- 
ply for the sending- and receiving-end power; the variables, 
however, are essentially the same. If phase-to-phase volt- 
ages are used, Equation (19-1) gives three-phase power. For 
this discussion, Vg and VR are taken as line-to-neutral quan- 
tities, and Equation (19-1) gives single-phase power. If Vg, 
Ver: and X are held constant in Equation (19-1), the power 
flow is changed by varying the angle, @. 


As the load increases at the receiving end, synchronous ma- 
chines are momentarily slowed down, and the machine 
rotor inertia meets the increased load requirements. That 
is, an increase in load results in a small reduction of system 
frequency until there is a change in mechanical input via 
the governor or manual action. To restore system fre- 
quency, the mechanical input to the machines must be 
increased. This input must be greater than the steady-state 
load requirements, since the machines must be accelerated 
to a new and larger angle. When the new angle, 9, is 
reached, the mechanical input will exceed the load require- 
ments by the amount required to accelerate the machines. 
The mechanical input must then be reduced to maintain 
frequency and required power transfer. 


Any load change, then, results in swings or oscillations as 
the system adjusts to the changes. Steady-state stability is 
the ability of the system to adjust to gradual load changes. 


The extreme unstable condition occurs when ¢ is equal to 
90°. At this point, increased load conditions could only be 


met by increasing Vs or Vp: An increase in @ would cause 
a reduction, rather than an increase, in power transfer. 


Ill. TRANSIENT STABILITY 


Transient stability is the ability of the system to properly 
adjust (remain in synchronism) to sudden large changes 
such as load changes, faults, or switching. Again, ignoring 
system resistance and machine saliency, the power trans- 
mitted during the transient interval, P, is given by the fol- 
lowing equation: 
7 Vs" VR’ 


——  Sinm 
Xx’ 


P (19-2) 


where 


Vy’ = voltage behind transient reactance at the 
sending end 


VR’ = voltage behind transient reactance at the 
receiving end 


X’ = reactance between Vo’ and VR? includ- 
ing transient reactances of the machines 


m = angle by which Vs’ leads VR: 


The value of X’ is influenced by the prevailing fault condi- 
tions. In general, the magnitude of X’ varies, in ascending 
order, for the following fault conditions: three-phase, 
phase-to-phase-to-ground, phase-to-phase, and phase-to- 
ground faults. Three-phase faults, then, reduce load carry- 
ing capability the most and have the greatest influence on 
stability. 


When a fault occurs, the power being transmitted suddenly 
decreases, reducing the electrical output of the sending-end 
machines to below the mechanical input. Asa result, the 
sending-end machines speed up, increasing angle, m. At the 
same time, rotating equipment at the receiving end slows 
down, since the mechanical load is now greater than the in- 
put. This receiving-end slowdown further increases angle, 
m. 


When a three-phase fault occurs (Figure 19-1), the trans- 
mitted power is reduced to point E because of the increased 
effective X’, and the swing begins along E-F. Power D-E 
is that available for accelerating the mass of the sending-end 
machines and for decelerating the mass of the receiving-end 


machines. At point F, breaker A opens, and the transmitted 
power increases to G. The swing then continues along G-H. 


Before Fault 


Line A-B Open 


Final 
Operating Steady State Load 
Point Requirements and 


Mechanical Input 
Initial to Generators 
Operating 


Point 


Transmitted Power 
v 


A Breaker Open 
B Breaker Closed 


During 3 Fault 


45 90 135 180 
Angle m 


Figure 19-1: Power Transfer Curves Before, During and After 
Line-to-Line Fault. 


When the fault is cleared at H by breaker B opening, the 
sending-end rotor kinetic energy has increased by an 
amount proportional to area I, since the mechanical input 
has exceeded the transmitted electrical power. As the fault 
is cleared, the transmitted power increases to J, exceeding 
the mechanical input and causing the sending-end machines 
to decelerate and the receiving-end machines to accelerate. 
Since the velocity of a rotating mass cannot be changed in- 
stantly, the swing continues to K, at which point the addi- 
tional sending-end rotor energy, resulting from the fault, is 
completely absorbed (area II equals area I). 


The velocity of the sending-end mass, with respect to the 
receiving-end mass, is zero at K. At K, the electrical output 
of the sending-end exceeds the mechanical input; therefore, 
the swing reverses, reaching a point N. At N, the swing re- 
verses again. Voltage regulator and governor action, as well 
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as system resistance, will dampen the oscillation, until the 
final operating point is reached. 


If the initial swing went to point L, and if the sending-end 
generators still had excess rotor energy (area II smaller than 
area I), the swing would continue in the same direction. 
After L was passed, the mechanical input of the sending- 
end generators would again exceed the electrical output, 
and the swing would be accelerated, resulting in instability 
with the machines operating out-of-step or out-of- 
synchronism with each other. After this, only system sep- 
aration and re-synchronizing of the machines can restore 


normal system operation. 


IV. RELAY QUANTITIES DURING SWINGS 


Figure 19-2 illustrates the voltage and current relationships 
during a swing, assuming the following: IVo'| = IVe'l the 
frequency of Vy’ is fixed; and VR’ rotates with respect to 
Voy’. The horizontal line, X, between Vy’ and VR’ repre- 
sents the reactance between these two voltages. The volt- 
age loci of VR’ and of the reactance midpoint (electrical 
center) are also shown. 


_— 


or Va Locus Vi 90° 


Electrical Center Voltage Locus 


180° 
ae ae Current Locus (1) 
[= “Tx 
Ivs|=|Val 


Figure 19-2: Voltage and Current Loci During Swing. 


When the voltages are in phase, no current flows. As VR’ 
lags Vy), current I increases. If the system is unstable, VR’ 
will continue to lag farther behind Vy until I reaches its 
maximum value at 180°. Just as fault current lags, I lags 
VR’ by 90°, the natural power-factor angle of the system. 
At the current locus maximum, the-voltage at the electrical 
center is zero. VR’ continues to rotate, and the current re- 
turns to zero when the voltages are in phase. The out-of- 
step condition will continue, with VR’ slipping with respect 
to Vy’ until the machines are separated. 
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Figure 19-3: Swing Ohm Locus on The R-X Diagram. 


The radius of the swing ohm locus (Figure 19-3) is:! 


z 
/o +m -90° (19-3) 


s'0 = — 
2Sin m 


where 


S’O = measured distance on an R-X (resistance- 
reactance) diagram from S’ to the center 
of the swing locus circle O. 


Zy = total system impedance between Vy’ and 
VR’: 


m = angle between Vy’ and VR’ in degrees 


The center of the swing locus circle is on a line through the 
origin and at an angle from the horizontal of (@ + m - 90)°, 
where 9 is the angle of the total impedance vector Zr. 


The ohmic value, as viewed from S’, for a given value of m 
is: 
Zr Sin u 


y= { oO 
S'L Si? (@+m+tu) (19-4) 


where 


u° = arc cot 


1 angle S’OR’ is 2m. Chord S’R‘ = 2 (S‘O) Sin 1/2 (2m). A perpen- 


dicular from 0 to chord S’R’ bisects angle S‘OR'. From this right 
triangle angle OS‘R’ is (90 - m). This angle of radius from the 
R-axis is (@ + m - 90°.) 


VR’ 
and v.71 = ratio of magnitudes of receiving-to 
Ss sending-end voltages. See explanation 
following: 


Equation 19-4 is derived as follows: 


From the Law of Sines: 


Sinp Sinm Sinu 


at an angle of O-p. p+m+u=180° and substituting 
6-p=0+m+tu-180°. 180° can be eliminated by 
changing the sign to give equation 19-4. 


From above: 


R’L 5 Sin p - Sin (m + u) 
S‘L Sinu Sin u 


Since Sin p - Sin (180 - m-u) = Sin (m+u). Expanding 


R'L_ Sin m Cos u + Cos m Sin u 
S’L Sin u 


= Sinm (S “) + Cos m 
Sin u 


= Sin m Cot u+ Cos m 


Solving for u: 


(=)- Cos m 
S'L 


Sin m 


u® = arc Cot 


If phasor R’S’ is the total system impedance between the 
equivalent source voltages VR and V's; and m is the angle 
between these two voltages, the circle becomes a load locus. 


ae aR 
—— is the ratio of the voltages —— so that ° 
Ss 
L Ss 
IV'R| 
Iv’ | ~ Cos m 


u° = arc Cot 


Sin m 
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This calculation can be applied to a transmission line in a 
power system by relocating the R-X diagram origin to the 
location under consideration, as was done for bus G in Fig- 
ure 19-4. However, the impedance, as measured from G, 
must be multiplied by 1/K, where K is the part (in per unit) 
of the total current between Vy’ and VR’ flowing in the 
transmission line under consideration. (In Figure 19-4, K 
is 1.) 


In Figure 19-4, it is assumed that, when a fault is cleared, 
Vo leads VR’ by 60°. This relation corresponds to point J 
in Figure 19-1. (This initial point is shown on the right side 
of Figure 19-4.) As the swing continues, the impedance 
seen at bus G will have a straight line locus and move to- 
wards the electrical center if IVo'l = IVp'l.- If the swing is 
arrested at point K (Figure 19-1), the impedance movement 
will reverse. If the swing is not arrested, it will continue 
through the electrical center (near m = 180°) and leave to 
left at minus infinity, when m equals 0°. The impedance 
will return from plus infinity on the right and swing through 


again. 
G H 
2. 
Generator Generator 
Vs! VR 
Zs ZR 
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Figure 19-4: Impedance Swing Locus on an R-X Diagram. 


V. EFFECTS OF OUT-OF-STEP (OS) CONDITIONS 
V. A. Distance Relays 


A distance relay (21) responsive to three-phase faults will 
operate if an out-of-step (OS) condition produces a swing 
locus that falls within its operating area (Figure 19-5). 


When swing ohms enter the operating area of a zone | relay 
with a circular characteristic, there is a 90° angle between 
the voltages at the points along the line angle identified by 
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the relay reach. In Figure 19-5, for example, there must be 
a 90° phase displacement between the voltage phasors at 
relay location A and a point at 90 percent of the line 
length, for a 90 percent reach zone 1 relay to operate on a 
swing. The effective generator voltages will be displaced 
substantially more than 90° (angle m in Figure 19-5). The 
likelihood of a system attaining a stable operating condi- 
tion after such a swing is virtually nil. In general, zone 1 
swing-trips occur only on unrecoverable swings. 


Some form of blinding is required to screen overreaching 
ohm relays against tripping on severe swings from which 
recovery is possible. 


Operating independently, phase-distance relays (21) will in- 
itiate tripping when the angle between the two system volt- 
ages is very large and increasing (Figure 19-5). 


Figure 19-5: Source Angle Relationship for Swing Trip on The 
System of Figure 19-1. 


V.B. Directional-Comparison Systems 


Swing ohms entering a protected line area, such as locus 1 
in Figure 19-6, will produce simultaneous high speed trip- 
ping at the two terminals. Only swings entering external to 
the line area, such as locus 2, will block tripping, and then 
only if local 21S operates and/or if the remote 21P does 
not. For the unblock system, tripping occurs on OS condi- 
tions only if the 21P for each terminal operates. Figure 
19-6 shows how blinders will prevent tripping on stable 
swings, such as locus 3. 


V.C. Phase-Comparison or Pilot-Wire Systems 


Phase-comparison or pilot-wire schemes are solely current 
responsive, and since swings produce a through current con- 
dition, tripping does not occur. 
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Figure 19-6: Directional Comparison System R-X Plot. 


V.D. Transfer-Trip Schemes 


Out-of-step swings entering the circle of either zone 1 relay 
will cause tripping in the underreaching scheme. Swings 
entering both zone 2 characteristics will cause tripping in 
the overreaching scheme. 


V.E. Circuit Breakers 


With the two system segments 180° apart at the instant of in- 
terruption, a theoretical undamped recovery voltage of four 
times normal is possible. If the circuit breaker has insuffi- 
cient dielectric strength to withstand this voltage, reignitions 
will continue until a more favorable angle is reached. To in- 
terrupt at all, a breaker must be capable of attempting in- 
terruption, possibly for several seconds, at each current 
zero. If the breaker cannot perform such interruptions, 
tripping must be initiated at a favorable angle, preferably 
just before the two sources are in phase. 


V.F. Overcurrent Relays 


Figure 19-2 can be used to illustrate the conditions encoun- 
tered by phase overcurrent units during swings. Assume, 
for example, that an instantaneous overcurrent unit set for 
2.5 times full load were used in a line connecting Vg’ and 
Vp’ and that X equals 0.765 per unit on the full load base. 
During an OS condition, the instantaneous unit would op- 
erate because the current reaches at least 2.65 (2/0.765) 
times full load when VR’ lags by 180°. Swings during sta- 
ble conditions will also result in higher than normal cur- 
rents, although currents will be considerably less than dur- 
ing an OS condition. 


V.G. Reclosing 


Where a fault persists after reclosing, the stability of the 
system will probably be jeopardized. On the other hand, 
system stability is greatly improved if the fault is tempo- 
rary and does not reignite following reclosure. For this rea- 
son, reclosing is often blocked for three-phase faults, but 
allowed for all others. Three-phase faults tend to be perma- 
nent more often than other faults. They also have the most 
severe effect on stability. 


There appears to be no advantage to high speed reclosing of 
both terminals following an OS trip. Reclosing one termi- 
nal, or preferably blocking tripping at one terminal, will fa- 
cilitate system restoration. The second terminal can be re- 
closed under synchronism-check relay supervision. 


VI. OUT-OF-STEP RELAYING 


Ideally, fault relays should clear faults fast enough to main- 
tain stability. Also, they should not operate on swings 
from which the system can recover. If a system does go out 
of step, it should be split by circuit breakers opening at a 
few preselected locations, in such a way that generation and 
load on each side of the split are reasonably balanced. The 
system should not be split in such a way as to separate most 
of the generation from the major system load. 


In Figure 19-7, breaker A is in a poor location for splitting 
system (1) from (2), since it would dump one unit of load 
on system (2), which only generates 0.4 unit of power. 
Splitting the system using breakers D or E would offer a 
more tolerable generation/load balance. In this scheme, 
system (1) need only increase its generation from 0.6 to 
0.66 to maintain frequency. 


Figure 19-7 also illustrates that OS tripping is desirable at 
some points, but should be blocked at others. This selec- 
tive tripping/blocking philosophy is basic to the intelligent 
application of OS relaying. 


0.33 


0.33 0.33 


Figure 19-7: Generation and Load Distribution. 


VI.A. Generator Out-of-Step Relaying 


Generator per-unit reactances have steadily increased over 
the years, and inertia constants have decreased as machine 
ratings have increased. This, in turn, has reduced critical 
clearing times and increased the need for OS relaying for 
generators. 


Loss-of-field relays, equipped with directional units and 
undervoltage supervision, provide a measure of OS protec- 
tion for generators. Viewed from the terminals of a large 
modern machine, the ohms will, in general, fall within the 
machine or within the unit transformer when the machine 
is out of step with the system. If the swing ohms fall within 
the machine for the system shown in Figure 19-8, the KLF 
(or KLF-1) loss-of-field relay, (40), will operate if swing 
ohms stay inside the characteristic circle for 0.25 sec. 


Directional 
Unit 


Alternate 
Settings 


Figure 19-8: Stable Swing Following Clearing of Nearby 3 Phase 
Fault With The Type KLF Relays (40). 


If a loss-of-field relay is used for OS sensing, the timer must 
not time out for stable swings. It must operate, however, 
for field failure before damage (or further damage) can oc- 
cur and it must recognize the fastest realistic swing rate. 
Generally all these time constraints can be satisfied. Fig- 
ure 19-8 shows a typical stable swing locus following a se- 
vere three-phase fault. 
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If swing ohms pass through the unit transformer, OS detec- 
tion may not be possible with either a loss-of-field relay or 
a simple distance relay. Moving the directional unit char- 
acteristic output to point G on Figure 19-8 substantially 
increases the possibility of a false trip on a stable swing, 
such as GCD. Alternatively, the time criterion could be in- 
creased to the point where the stable swing would not trig- 
ger relay operation, but then the fastest out-of-step swing 
may not be recognized. 


For several reasons, then, other schemes are less desirable 
than those specifically committed for OS relaying for gen- 
erators. This is because of the inherent inadequacies in de- 
tecting OS conditions with a relaying system designed to 
detect field failure, the increased tendencies toward insta- 
bility, and the different responses required upon recogni- 
tion of the two phenomena. 


This should not be taken to mean that generator tripping is 
encouraged when OS conditions develop, but rather that OS 
detection may be easiest at the generating plant. Out-of- 
step separation would then be accomplished by transfer- 
tripping, or other suitable means, to maintain a generation/ 
load match, as described above. 


VI.B. Transmission Line Out-of-Step Relaying 


The prime criterion in OS tripping is to maintain a 
generation/load match in the islands created. If sucha 
match were perfect, no large load shifts and no load drop- 
ping would be required. Also, little or no generation would 
SEA TOMA APPYOXMATE Chis ideal would, in all 
probability, require trip-blocking at some locations and 
trip-initiation at others. 


Distance relay operation on OS conditions tends to occur 
at locations where the relay reach settings are longest. 
There are two reasons for this phenomenon. First, the min- 
imum system voltage during an OS condition tends to oc- 
cur in the high-impedance segments of the system. Second, 
distance relays with long reach settings, such as those on 
long lines, cover a larger area on the R-X diagram and there- 
fore are more likely to respond to swing conditions. Out- 
of-step tripping at long-line terminals is not necessarily con- 
ducive to ideal system splitting. 
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VH. PHILOSOPHIES OF OUT-OF-STEP RELAYING 


Certain fundamental objectives should influence the design 
of protection systems: 


a) Block tripping at all locations for stable swings. 
b) Ensure separation for every OS condition. 


c) Effect separation at points that will leave a satisfactory 
load/generation balance in each separated area. Loads 
should not be interrupted. 


d) Block tripping or automatically reclose at one end of 
any line that trips because of an OS condition. 


e) Initiate tripping while the systems are less than 120° out 
of phase and the angle is closing, in order to minimize 
breaker stress. 


f) Minimize the possibility of an OS condition occurring 
by: 


1) using high speed relaying, 
2) using a high speed excitation system, 


3) employing loss-of-field relays to remove a unit which 
is drawing excessive reactive power from the system, 


4) providing sufficient transmission capacity, 


5) tripping generators upon the loss of critical transmis- 
sion lines, 


6) applying generator braking resistors or inserting se- 
ries capacitors for critical faults, 


7) applying fast valving techniques, and 


8) using independent mechanisms for each breaker pole 


to downgrade faults from three-phase to phase-to- 
phase. 


While easily stated, these objectives are not so readily 
achieved, particularly item (c) above. 


Utility practice consists of a combination of: 


a) Allowing the line-protection relays to initiate OS line 
tripping. 


b) Allowing the loss-of-field relays to initiate OS generator 
tripping. 


c) Restricting relay-trip sensitivity at the higher power fac- 
tors. 


d) Blocking tripping. 
e) Blocking reclosing. 
f) Initiating tripping using relays designed for OS tripping. 


There is no industry standard for protection system design; 
however, once the difficult functional decisions of ‘‘what”’ 
and “‘where”’ are made, there is reasonable consistency in 
the “chow.” 


VIE. TYPES OF OUT-OF-STEP SCHEMES 


Some typical systems used in OS relaying are described here. 


VIII.A. Offset Distance Scheme 


Figure 19-9 shows how an offset distance relay (21) can be 
used to decrease the susceptibility of a distance relay from 
tripping on severe but stable swings. The cross-hatched 
area represents the effective trip area when the offset dis- 
tance relay is added. The swing shown would have caused 
the distance relay to operate if the relay had the reach 
shown by the dotted circle, rather than by the screening 
technique (the two circles). 


Required Reach 
3 
Setting (21) 
Required 
Without 


Setting 
Required 
With KD-3 


Figure 19-9: Screening Technique Using Offset Distance Relay. 
(The Phase-to-Phase Unit of The K-DAR Distance 
Relays not Shown as it Does not Respond to Swings.) 


VIII.B. Concentric Circle Scheme 


A concentric circle scheme for OS detection on terminal A 
is shown in Figure 19-10. Customarily, an OS relay with a 
characteristic as shown for 68 is added to a transmission 
line relaying system and surrounds an overreaching element, 
such as 21P. For all swings, the swing locus enters 68 be- 
fore 21P. Because of rotating apparatus inertia, a signifi- 
cant time is required for the torque angle to advance, and 
the swing locus to pass from 68 to 21P. For a fault within 
the 21P reach, however, both elements operate essentially 
simultaneously. The relaying logic senses the sequence, 


identifies swing or fault, and initiates the appropriate action. 


21P 
(SKDU or KD-10) 


~<— 68 


(SKSU or KS) 


Figure 19-10: The Concentric Circle Scheme for Out-of-Step 
Detection. 


The above scheme is appropriate for an OS trip-blocking 
function or for OS reclose-blocking. It is not appropriate 
for OS tripping, however, unless additional logic is added. 
If an external phase fault occurs close to the balance point 
of 21P--as at P in Figure 19-10, for example—the relay will 
respond slowly because of its low energy level. Device 68, 
on the other hand, has an appreciably higher energy level 
and operates faster than does 21P. Removing remote ter- 
minal in-feed on external fault clearing following breaker 


failure can also produce sequential operation of 68 and 21P. 


If the time in the sensing logic is shorter than this operating 
time difference, a fault at P would be incorrectly identified 
as an OS condition and would cause a false trip at A. If the 
time is increased to avoid this situation, rapid OS swings 
would not produce OS tripping. Adding a third concentric 
circle would allow better perceptive segregation of swings 
and faults, but could introduce load ohm involvement. 


OS tripping can be achieved with the two-concentric-circle 
scheme if the 68/21P operating sequence is checked and the 
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setting sequence is correct. This lessens the load ohm dif- 
ficulties associated with the three-circle scheme. 


For three-terminal applications, in-feed can adversely affect 
OS biocking relays that use the concentric circle scheme 

if sequential clearing of a three-phase fault can occur. The 
reach-shortening effect of the third terminal in-feed can 
cause an internal line-end fault to operate 68—but not 21P. 
Clearing the in-feed may then allow 21P to operate. This 
sequence can cause undesirable OS trip-blocking at one ter- 
minal. Out-of-step blocking, then, should not be used in a 
three-terminal application unless remote terminal coverage 
can be obtained with maximum in-feed. 


VIILC. Blinder Scheme 


A blinder relay has an operating characteristic that parallels 
the transmission-line plot on an R-X diagram (Figure 19-11). 
A single blinder relay (21B), type SDB or SDBU-1, gives 

the two linear characteristics shown. 


Operate Non 
Operate 


Figure 19-11: The Single Blinder Scheme for Out-of-Step 
Detection. 


An obvious application of this device is for limiting the 
coverage of a distance relay in the load area. This is a side 
benefit of the application of blinder OS relays. 


A single blinder relay plus auxiliary logic can be used for 


OS tripping. Its use, however, is limited to only those ap- 
plications where OS trip blocking of phase distance relays 


is not required, since swings passing through the line section 
(on an R-X plot) will cause the operation of the line relays. 
A single blinder cannot distinguish between a fault and an 
OS condition until the resetting sequence is confirmed. 
Such a scheme delays OS tripping until the swing is well 
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past the 180° position and is returning to an in-phase con- 
dition. 


The single blinder OS package is recommended for a trans- 


mission line protected by phase-comparison relays. Another 


application is OS tripping on swings passing beyond the 
reach of the line relays (on an R-X plot). Finally, this re- 
lay scheme is particularly well-suited for generator OS trip 
applications. 


The two-blinder scheme (Figure 19-12) senses OS condi- 
tions by observing the operating sequence of the outer and 
inner blinders. A fault produces essentially simultaneous 
operation; an OS condition causes the outer blinder to op- 
erate first followed by operation of the inner blinder. The 
two-blinder scheme allows trip-area restriction of distance 
relays, OS trip-blocking, OS reclose-blocking, or OS trip- 
ping, regardless of normal load-flow direction. 


Non 
Operate 


21B-O | Relay 


R 


21B-I ee 


Figure 19-12: The Two Blinder Scheme for Out-of-Step Detection. 
(I = Inner Blinder, O = Outer Blinder) 


IX. RELAYS FOR OUT-OF-STEP SYSTEMS 
IX.A. Electromechanical Types 
1X.A.1 KS (68) OS Blocking Scheme 


Figure 19-13 shows the configuration for the type KS out- 
of-step blocking scheme. If Zos operates approximately 
60 milliseconds or more ahead of 21-2, the OS relay op- 
erates to block all or selected tripping. The OS relay also 
blocks reclosing where some elements in the system, such 
as zone | or time trips, are allowed to operate during OS. 


Positive 


Negative 


Figure 19-13: The Type KS Out-of-Step Blocking Scheme. 


For faults, 21-2 trip contacts close to short out the OS 
unit coil, blocking pickup of the OS unit. This scheme is 
recommended for short- to moderate-length lines; it should 
not be used on long lines, where the load might operate 
the Zos unit. 


IX.A.2. KST (68) OS Tripping Scheme 


Figure 19-14 illustrates the KST scheme for OS tripping us- 
ing approx. time. After sensing an OS condition in the 
same way as does the KS relay, telephone relays T1 and 

T2 add two requirements: that the 21-2 relay (for example 
the KD-10 phase-distance relay) operate for 100 millisec- 
onds, and that 21-2 reset 50 milliseconds or more ahead of 
Zos: On a swing Zos operates first to energize OS. If 
21-2 does not operate before 60 milliseconds, OS operates. 
Then when 21-2 operates the AR relay, T1 is energized. 

If both Zos and 21-2 remain closed for 100 milliseconds 
T1 operates. As the swing moves out 21-2 resets first, de- 
energizing AR and permits the energization of T2 through 
AR back contacts if Zos is still closed. If Zos does not 
reset for 50 milliseconds T2 operates to trip and block re- 
closure as shown. 


’ 


A fault which operates Zos and 21-2 together (or within 


approximately 60 milliseconds) will operate 21-2, and AR 


Trip and 
Reclose Block 


os 


100ms 

170 ms 

Dropout 60ms 
Pickup 


Figure 19-14: The KST Out-of-Step Tripping Scheme. 


contact shorts out the OS coil. This permits the Zone 2 
timer to time out and trip, blocking reclosure. 


IX.A.3. KD-3 (21) Restricted Trip Scheme 


The screening technique shown in Figure 19-9 uses an 
offset-distance relay (KD-3) to complement the distance 
unit (Type KD-10) used for the tripping function. Contacts 


Optional to Block Z) ayy meme 


Trip Until 68 Resets H 
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are placed in parallel and the operation of either produces 
tripping. Such a system allows tripping on severe swings 
that enter the characteristic circle of either unit. 


IX.B. Solid-state Types 


IX.B.1. SKSU (68) OS Blocking Scheme 


Figure 19-15 shows the block diagram for the concentric 
circle form of OS relaying. Reclosing is blocked if device 
68 operates at least 25 to 45 ms before 21-2, and then 21-2 
operates for 23 ms. In the Figure, operation of 68 and not 
the ground relay 21N-2 or 21-2 operates AND | to energize 
the 25-45 ms adj. timer. The operation of the timer seals 
in the 21-2 input to AND 1 thru OR. The subsequent op- 
eration of 21-2 energizes AND 2 and the 23 ms timer. 

This operates Y for reclose blocking functions. 


The operation of the 25-45 ms timer blocks AND-3 for 
Zone 1 trip, AND-4 for Zone 2 trip and sets up AND 5S for 
Zone | tripping only after 68 resets on an out-of-step 
swing. These functions are all optional. 


Device Number Chart 

21N-2 -SDGU-6 Ground Relay 
21-1 -SKDU Zone 1 Phase Relay 
21-2 -SKDU Zone 2 Phase Relay 
68 -SKSU Out-of-Step Relay 
96 -SRU Output Relay 

—L -NOT 


To Other 
Functions 


Figure 19-15: The SKSU Out-of-Step Blocking Scheme. 


To Trip Auxiliary 


To Other Functions 


Indication 


Reclose 
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Fault clearing with 21-1 will occur through AND-3. The 
fault operation of 21-2 removes the OR input to AND-1 

so that tripping by pilot or Zone 2 timer can occur thru 

AND-4. 


IX.B.2. SDBU-1 (21B), SI(50), ARS (94), OS Tripping 
Scheme 


For the single-blinder OS tripping scheme (Figure 19-16), 
swings from right to left cause By to operate, By to oper- 
ate, By to reset, and then B, to reset. It is of no conse- 
quence whether By is initially operated by load and Bo does 
not subsequently reset. 


Device 50 (SI-1 relay) is sensitively set and operates at a 
current level above maximum zero power factor inter- 
change, line charging, or transformer magnetizing current. 
The device operates when a swing begins and prohibits load 
pickup trip. 


Thus AND 2 operates when By and 50 operate with B, re- 
set to identify the swing origin in the positive R region. 
After 4 milliseconds, the feedback circuit holds the upper 
input to AND 2. AND 4 has an output when the swing 
moves between B1 and B2 to operate both blinders. If 
AND 4 output persists for 20 ms and the swing moves 


Optional Supervision of 
3G Unit of SKDU Relay 


Example of Notation: 

B, Denotes B, (Not Operated) 

B, Denotes B; (Operated) 

4/0 4Ms. Operate Time O ms Reset 


Required: 


One SI-1 


One ARS (94) 


Figure 19-16: The SDBU-1 Out-of-Step Tripping Scheme. 


across By to reset it, AND 6 has an output. An output 
from AR occurs 20 ms later for tripping and/or reclose 
block. 


Swings originating to the left of By travelling left to right 
produce identical action thru AND 1, AND 3 and AND 5. 


The restricted trip feature prevents tripping on recoverable 
swings. Both By and By must operate thru AND 7 to super- 
vise operation of the SKDU three phase unit. 


Out-of-step block reclosing is not available with this com- 
plement, unless OS trip is used. 


The above scheme is recommended for generator OS sens- 
ing, because its logic requires that swing ohms emerge from 
the side of the relay characteristic opposite to that from 
which it entered. That is, there must be a reversal of power 
flow as viewed from the machine terminals, and the re- 
versal must occur during high current. These two condi- 
tions will not be satisfied unless the machine is out of step 
with the system. A low current reversal can, however, oc- 
cur during motoring. 


This scheme, supervised by an overcurrent or distance re- 
lay, is the most secure available for generator OS tripping. 
A severe but stable swing, such as shown in Figure 19-8, 


Reclose 
Trip Block 


caw 
Ts 


One SDBU-1 Blinder Relay (B;/B2) 
(50), 2-8A Element 


eget 


cannot cause misoperation, regardless of timing involved in 
the transient. 


1X.B.3. SDBU-2 (21B), SIU (50), SRU (95), OS Tripping 
and Blocking Scheme 


The block diagram for the two-blinder scheme is shown in 
Figure 19-17. Characteristics B1 and B4 (the outer blinders) 
control one output (21B-O) of the SDBU-2 B2 and B3 

(the inner blinders) control another (21B-I). 


If swing ohms progress from right to left on the R-X dia- 
gram, optional device 50 or alternate optional device 21-2 
operates early in the swing. As the ohms seen by the relay 
cross the B4 characteristic, the 21B-O output appears. 
AND 1 output drives the 50-ms timer. If B3 does not op- 
erate to produce a 21B-I output within this 50-ms interval, 
the feedback to OR 1 from the timer causes 21B-I to lose 
control of AND 1. At this point, three-phase unit blocking 
of tripping occurs, if the “three-phase trip block” switch is 
closed. 


Close to Biock SKDU 
3Q Unit Trip on O-S,, 


Required Only 
for O-S Tripping 


Block Override 


pt 
! | 
| 62 G AND Amp Blocks SKDU 
bos 2 3D Unit Trip 


21-2 (30) 
Optional ~ 8 


Use Either 


xX 


——> |ndicate 
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As the swing continues, the inner blinder element, B3 op- 
erates to produce 21B-I output. AND 5 is then satisfied 
and, after 20 ms, produces an output from AND 3 to “seal 
in” the 21B-I input through OR 2. At this point, a trip 
commitment is made with the top input to AND 4 satis- 
fied but the operation of the outer blinders 21B-O negates 
AND 4 so that tripping does not yet take place. Also at this 
point, relay unit Y causes reclose-blocking. 


After the swing progresses to the point where B1 resets to 
remove the 21B-O input, AND 4 output appears although 
AND | output is simultaneously removed. The drop-out 
time of the 0/500 timer continues the top AND 4 input 

for 500 ms, providing a continuing “breaker failure initiate” 
input. 


If the ‘“‘out-of-step trip” switch is closed, trip-initiation 
takes place 20 ms after reset of 21B-O, at a point where 
breaker interruption is more desirable as outlined in Section 
VE. earlier. An available option also allows OS tripping to 


be initiated simultaneously with reclose-blocking. 


Optional 


c-—— 


O-S Trip 
Switch 


t hs Reclose 
ze T Blocking 


Operate Non 
Operate 


Device Number Chart 


21-2 - SKDU 
21-2 21BI, 21B-O - SDBU-2 Relay 
50 - SIU 2-8A 
95 - SRU Output Relay 
62 - Timer (SRU) 
a‘ Y - Telephone Relay 


Symbols 


—f - NOT 
x - AND 


Figure 19-17: The SDBU-2 Out-of-Step Tripping/Blocking Scheme. 


Options: 
a) Restrict Trip and Reclosing Block OS - Out-of-Step 


b) Trip Blocking BFl - Breaker Failure 
c) O-S Tripping When 21B-O Resets Initiate 


Legend: 


Note: 
21B1 Set to Exclude Stable Swing Area. 


Example of Notation: 


20/O0=20 Ms. Operate Time 
O Ms. Reset Time 
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When a fault occurs, 21B-I operates well within 50 ms of 
21B-O and AND 1 is blocked. Therefore, no blocking of 
either tripping or reclosing takes place. 


Timer (62) is an available option designed to release a sus- 
tained out-of-step block of tripping. This function is use- 
ful in the unlikely event that (1) a three-phase fault oc- 
curs during an out-of-step condition, or (2) the out-of- 
step swing were so slow that the transmission line were en- 
dangered thermally. In the latter case, the possibility of 


breaker damage caused by premature opening must be 
weighed against the possibility of thermal line damage. 


This package provides maximum flexibility of operation 
and sophistication of control. 


X. SELECTION OF AN OUT-OF-STEP RELAY SYSTEM 


Figure 19-18 provides a logic table to aid the selection of 
relaying schemes for OS relaying functions. 


OST 
OSRB 


OSTB 
OSRB 


OSTB 
OST 
OSRB 


RT 


Legend: 


OSs 
OST 


OSRB - Out of Step Reclose Block 
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Start Out of 
Step System 
Selection 


Are OS Trip AND Yy Single Blinder 


Reclose Block aot d Scheme 
Only Required Feterre’ iSDBU-1) 
Concentric 
Circle Scheme 
(KST} 
Are OS 3@ Trip Is Blinder 
Block AND/OR OS Required for 
Reclose Blocking 39 Fault/Load 
Only Required Discrimination 
‘ Concentric 
Pests 4 Circle Scheme 
{SKSU) 
Concentric 
Circle Scheme 
(KS) 
Are OS 39 Trip Is The OS Tripping Dual Blinder 
bso ae And Blocking Scheme 
ecovery, Voltage, Action to be {SDBU-2, 0$-2) 
OS Tripping, and Varied Frequently : 
Reclose Blocking 
Required 
N 
Is Load Is OS Tripping Is Blinder 
Screening Required for |Y to be Allowed Required for 
3@ Fault/Load Only When Zone-1 Phase 39 Fault/Load 
Discrimination Distance Operates Discrimination 
N 
Static 
Preferred 
No. F 
Static 
Out-of Step 
Relaying Preferred 
Offset 
- Out of Step Distance 
- Out of Step Trip 


(KD-3) 


° J IX.A.3 

OSTB - Out of Step Trip Block Reece ane 

RT - Restrictive Trip Sections in Which The Equipment 
Y = Yes Operation is Described. 

N = No 


Figure 19-18: Out-of-Step Relaying Selection. 
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1. INTRODUCTION 


The large majority of overhead line faults are transient and 
can be cleared by momentarily deenergizing the line. In 
fact, utility reports show that less than 10 percent of all 
faults are permanent. It is therefore feasible to improve 
service continuity by automatically reclosing the breaker 
after fault relay operation. For example, automatic reclos- 
ing greatly improves service in radial distribution circuits, 
where continuity is directly affected by circuit interruption. 
High speed reclosing on tie lines, if successful, also assists 

in maintaining stability. 


This chapter will describe the application and operation of 
reclosing and synchronizing relays. Both are programming 
types, rather than fault detecting relays. 


II. RECLOSING SYSTEM CONSIDERATIONS 
II.A. One-Shot versus Multiple-Shot Reclosing Relays 


The desired attributes of a reclosing system vary widely 
with user requirements. In an area with a high level of light- 
ning incidence most transmission line breakers will be suc- 
cessfully reclosed on the first try. Here, the small addi- 
tional percentage of successful reclosures afforded by multi- 
ple operations does not warrant the additional breaker op- 
erations. Single-shot reclosing relays are entirely justified. 


Subtransmission circuit reclosing practices also vary widely, 
depending on requirements of the loads supplied. If there 
are motors or generators in the system, the first reclosure 
may be time delayed. Most often, two or three reclosures 
are used for subtransmission circuits operating radially, and 
only one or two reclosures for tie circuits. Approximately 
half the utilities use some form of circuit checking before 
time-delayed reclosure to assure that either synchronism 
exists or one circuit is dead. 


Multiple-shot reclosing relays are warranted on distribution 
circuits with significant tree exposure, where an unsuccess- 
ful reclosure would generally mean a customer outage. A 
typical utility experience on distribution feeders in an area 
with a large number of annual thunderstorm days is as 
follows: 


20-2 


Number of Successful Reclosures Percent 
Immediate 83.25 
Second (15 to 45 seconds) 10.05 
Third (120 seconds) 1.42 
Total Successful 94.72 
Lockouts $.28 


The data show that increasing the number of reclosures does 
improve service continuity, but the incremental benefit of 
each additonal reclosure is less than for the preceding one. 


II.B. Selective Reclosing 


The speed of tripping is a significant factor in the success of 
a reclosure on a transmission circuit. The faster the clear- 
ing, the less fault damage and/or degree of arc ionization, 
the less the shock to the system on reclosure, and the 
greater the likelihood of reenergization without subsequent 
tripping. The probability of successful reclosing, then, is 
improved if reclosing occurs only after a high speed pilot 
trip. By allowing only pilot tripping to initiate high speed 
reclosing, maximum success can be assured for single-shot 
reclosing, and many unsuccessful reclosures can be avoided. 
Such a system eliminates the high probability of unsuccess- 
ful reclosure on non-pilot trips, particularly for end zone 
faults where clearing occurs sequentially and the deener- 
gized time is short. 


II.C. Deionizing Times for Three-Pole Reclosing 


When reclosing at high speed, the dead time required to de- 
ionize the fault arc must be considered. Based on a study 
of 40 years of operating experience, minimum dead times 
can reasonably be represented by a straight line, using the 
following equation: 


t= 10.5 eee cycles (20-1) 


34.5 


where kV is rated line-to-line voltage. On a 345-kV sys- 
tem, for example, this formula would give an approximate 
required dead time of 20.5 cycles. 


If the inherent minimum reclosing time of the breaker in- 
volved can produce a shorter dead time than indicated, a re- 
closing delay must be incorporated. In the interest of plac- 


ing the device in the protected environment of the control 
house and of having a more accurate timing device, the time 
delay should be in the reclosing relay rather than in the 
breaker. 


If.D. Synchronism Check 


A synchronism check relay is an element in the reclosing 
system which senses that the voltages on the two sides of a 
breaker are in exact synchronism. (An automatic synchro- 
nizer, on the other hand, initiates closure at an optimum 
point when the two system segments are not in precise syn- 
chronism but have a small beat frequency across the breaker 
contacts.) The setting for a synchronism check relay is 
based on the angular difference between the two voltages 
and is designed to minimize the shock to the system when 
the breaker closes. The angular difference between the 
voltages does not, however, determine the transient to which 
the system will be subjected upon closure. Rather, the 
shock to the system is related to the voltage across the 
breaker contacts (the “phasing voltage”). The phasing volt- 
age is the critical quantity in determining whether or not a 
breaker is allowed to close. 


II.E. Live Line/Dead Bus, Live Bus/Dead Line Control 
(LLDB/LBDL) 


The LLDB/LBDL control is frequently introduced in a re- 
closing system for a transmission or subtransmission circuit. 
This scheme allows the breaker to be closed when the cir- 
cuit on one side is energized at full voltage and the circuit 
on the other side is dead. The synchronism check and 
LLDB/LBDL controls are complementary. The synchro- 
nism check unit allows closure when the two voltages are 
high but in synchronism, the voltage control allows closure 
when one voltage is normal and the other is very low—pref- 
erably zero. 


II.F. Instantaneous Trip Lockout 


On distribution systems, where coordination with fuses is 
necessary, it is customary to protect the fuse on the first 
trip with an instantaneous tripping element on the sub- 
station breaker relay. This control is removed after the first 
trip, allowing the fuse to blow and preventing a second 
breaker trip if the fault is beyond the fuse. The result is a 
combination of minimum outage area for permanent lateral 
faults and reclosing for temporary faults. 


II.G. Intermediate Lockout 


Unattended substations not equipped with supervisory con- 


trol can be controlled more effectively by a reclosing scheme 


that locks out on a permanent fault before exhausting all its 
reclosing shots. With an attended (or supervisory controlled) 
substation at the other terminal of the line, a manual reclos- 
ure can be attempted after lockout, whenever the operator 
judges that the fault no longer exists. If manual closure is 
successful, a synchronism check relay will operate—in con- 
junction with the reclosing relay in the intermediate lock- 
out condition at the unattended station—to restore the 
second-line terminal to service. This reclosing scheme is 
very effective for multiterminal lines where several unat- 
tended stations without supervisory control are discon- 
nected for line faults. 


II.H. Compatibility with Supervisory Control 


All reclosing systems should incorporate some provision al- 
lowing circuit breakers to be tripped manually or by super- 
visory control without inadvertent reclosing action. Such a 
provision is inherent in any reclosing system that has an 
“initiate” function. In other reclosing systems, lockout 
must be accomplished by other means, such as a breaker 
control switch slip contact or the temporary removal of 
control voltage to the reclosing relay. 


ILI Inhibit Control 


In some applications, reclosing should be inhibited until fur- 
ther action takes place in other devices. For example, if a 
dual breaker scheme is used, and one of the breakers fails 
while clearing a fault, a transfer trip signal would be sent to 
the remote terminal to clear the fault contribution from 
that source. Reclosing of the remote breaker would be pre- 
vented until the transfer trip signal was removed. (There 
must also be assurance that removal of the transfer trip 
signal is not a result of channel failure.) With this addi- 
tional logic in the reclosing relay, the remote breaker can 
be reclosed reliably, simply by resetting the local breaker 
failure lockout relay after the faulty breaker has been prop- 
erly isolated. 


WJ. Trip Control 
Subtransmission applications require a combination of sim- 


ple protective relaying and discriminating fault isolation. 
One optional reclosing relay offers this combination by ini- 
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tiating a trip on the basis of DBDL (dead bus/dead line) af- 
ter five seconds. Under control of LLDB, LBDL, or syn- 
chronism check, as much as possible of the system is then 
put back together automatically. If a permanent fault ex- 
ists, only the faulty section is isolated. This will be de- 
scribed later in section IV.C.3. 


II.K. Factors Governing Application of Reclosing 


The factors governing the application of reclosing are sum- 
marized below. 


a. For instantaneous reclosing, the protective relay con- 
tacts must open in less than the breaker reclose time. 
This presents no problem with high speed relays but on 
some slow speed relays, it may be necessary to reduce 
the contact follow, or “wipe.” 


b. The breaker latch check (LC) and, where applicable, the 
low pressure switch (LPC) should be used to avoid op- 
erating the breaker if the trip latch and gas pressure are 
not functional. 


c. The breaker should be derated according to NEMA or 
the breaker manufacturer’s standards. 


d. For instantaneous reclosing, arc deionizing time must be 
considered (see Section II.C.). 
Ill. CONSIDERATIONS FOR APPLICATIONS 


OF INSTANTANEOUS RECLOSING 


The applications of instantaneous reclosing fall into three 
categories: 


a. Feeders with no fault power back-feed and minimum 
motor load. 


b. Single ties to industrial plants equipped with local gener- 
ation. 


c. Lines with sources at both ends. 


III.A. Feeders with No Fault-Power Back-Feed and 
Minimum Motor Load 


Instantaneous reclosing can be applied to these feeders, but 
care must be taken to avoid reclosing into motors that are 
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still rotating, since their internal voltage may be out of 
phase with the system voltage. 


III.B. Single Ties to Industrial Plants with Local 
Generation Equipment 


Since these circuits must be opened at the plant before re- 
closing, instantaneous reclosing at the utility end is not 
practicable unless instantaneous tripping of the plant tie or 
local generator is assured. Without this instantaneous trip- 
ping, the local generation, even when quite small, can main- 
tain the arc for line faults and negate successful reclosure. 
Reclosing may also occur out of synchronism. 


HI.C. Lines with Sources at Both Ends 


Simultaneous tripping of the line is necessary for instantan- 
eous reclosing, which invariably requires some form of pilot 
relaying. Both ends of the line can be instantaneously re- 
closed only if there are sufficient ties between the terminals 
to ensure that the two ends will not be out of synchronism 
during the dead time. In the absence of sufficient ties, one 
end can be reclosed instantaneously by LBDL (live bus/dead 
line) reclosing, with the other then closed manually or by 
synchronism check. 


Where two EHV lines parallel a lower voltage system, there 
may be instantaneous reclosing problems unless both lines 
are in service. The lower voltage ties are frequently not 
strong enough to maintain synchronism during the dead 
period. Supervising instantaneous reclosing with a line volt- 
age check from the parallel line, plus a 52a contact from 
the local parallel line breaker, will prevent reclosing when 
the parallel line is open at either or both ends. A single- 
phase voltage check is usually adequate, but a three-phase 
voltage check is more reliable. 


Instantaneous reclosing of both ends of a line without any 
checking is widely practiced for high voltage transmission 
lines in the USA. These lines have multiple interconnecting 
circuits and are protected with pilot relaying. The practice 
is usually suspended when the pilot relaying is out of serv- 
ice, since Zone 1 phase and ground or ground instantaneous 
relaying do not provide 100 percent instantaneous line pro- 
tection. There are exceptions based on the probability of 
end zone faults versus faults in the 70-to-80 percent center 
section, where Zone | overlap provides instantaneous pro- 
tection. 


Reclosing transmission lines near large generating plants 
should be done cautiously to avoid possible transient surges 
which may damage the machines. 


IV. RECLOSING RELAYS AND THEIR OPERATION 


IV.A. Review of Breaker Operation 


Knowledge of the operation of the breaker and its auxiliary 
contacts is essential to understanding how reclosing relays 
function. The time sequence of events occurring within the 
breaker and its auxiliary contacts during a typical instantan- 
eous reclosing cycle is shown in Figure 20-1. The auxiliary 
contacts are actuated directly by breaker main contact 
travel (‘‘a” and “‘b’”’) or by the operating mechanism travel 
(“‘aa” and “bb’’). Auxiliary contact operation occurs within 
a limited time band in the cycle. The relative time of opera- 
tion of the “‘a’”’ and “‘b” contacts is more important in con- 
trol and reclosing schemes than the actual time in the cycle. 


Tripping Motion Starts =] 


ee Note] Xe 
52a and 52a0 ; 52b and 

Closed 52bb 

(Full Closed) 100% Closed 


/ 


520 and S2aa 
Closed —» 


(Contact Touch) 


Pre-Strike 


Breaker 
Contact Travel 


(Full Open) 
Time (Cycles) 


Notes: 


1) tf Required for a Particular Scheme, The “a” and “b” 
Contacts May be Overlapped. 

2) 52a and 52aa - Closed When Breaker is Closed 
52b and 52bb - Closed When Breaker is Open. 

3) Cross-Hatched Areas Indicate Variable or Adjustable Range. 


Figure 20-1: Typical Circuit Breaker Instantaneous 
Reclosing Cycle. 


Positive 


Negative Breaker Mechanism 


120/240 Volts Ac 
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Device Number Chart 


43 - Automatic Operation Cutout Switch 
43S — - Synchronizing Switch 
52a - Circuit Breaker Auxiliary Switch (Open When 
Breaker is Open) 
52b_ - Circuit Breaker Auxiliary Switch (Closed When 
Breaker is Open) 
- Circuit Breaker Auxiliary Switch (Open When 
Breaker is Open) 
- Circuit Breaker Auxiliary Switch (Closed When 
Breaker is Open) 
52LC_ - Latch Check Switch 
52LPC - Breaker Low Pressure Check 
52CC_ - Circuit Breaker Closing Coil 
52x — - Breaker Control Relay 
52Y  - Breaker Cutoff Relay 
793 - Automatic Reclosing Relay (Type SGR-12) 
79M_ - Timer Unit of Type SGR-12 Relay 
79X = - Toggle Unit of SGR-12 Relay 
O - Operator Coil 
R - Reset Coil 
Contacts Shown after Reset Coil Energized 
(Reset Position) 
86B _ - Bus Lockout Relay 
101 - Manual Control Switch 


52aa 


52bb 


Figure 20-2: External Schematic of The SGR-12 Reclosing Relay. 
IV.B. Single-Shot Reclosing Relays 


Single-shot reclosing relays are available in both electrome- 
chanical and solid-state form. 


IV.B.1. Electromechanical SGR-12 Relay Operation 


The schematic for this type of reclosing relay is shown in 
Figure 20-2. When the breaker is tripped by protective re- 
lays 101SC will be closed so that as 52bb closes, reclosing is 
initiated. This energizes the 52X coil through the preclosed 
contacts 79X, 101SC, 43, S2LC, 52LPC and 52Y. The 52X 
make contact energizes the 52CC breaker close coil to 

close the breaker. At the same time, another 52K make 
contact “‘seals’’ the 52X coil, and a third 52 X make contact 
energizes 79 X-0 to toggle the 79X latching unit. This opens 
the 79X contact in the closing circuit and closes the 79X 
contact in the reset motor circuit. Closing the breaker and 
52a contact energizes 52Y to deenergize 52X. The 52X/52Y 
scheme prevents pumping when the system is closed man- 
ually into a permanent fault. 


If the breaker remains closed, 52a stays closed, and the 
motor is energized. After a preset interval, timer motor 
contact 79M energizes the 79X-R reset coil to toggle the 79 
unit back and restore the SGR-12 to its ‘‘normal” condition, 
ready for a subsequent breaker trip. 


@) When Synchronizing Switch Supervises 101C contact, 
an Extra 101T Contact is Needed as Shown. 


If the breaker does not remain closed, 52a reopens to deen- 
ergize the motor 79M, and the SGR-12 is locked out. The 
relay remains in this state and can produce no further re- 
closing action until the breaker is closed manually and the 
motor times out to reset 79X. 


The breaker mechanism shown is only one of a number of 
schemes used, but the reclosing action is similar for all the 
other schemes. 


IV.B.2. Solid-State SGR-51 Relay Operation 


The logic diagram for the SGR-51 is shown in Figure 20-3. 
It is functionally identical to the SGR-12 but requires only 
a 52b contact to indicate breaker status. The single-shot 
function provides an output during the closing stroke of the 
breaker, similar to the action of a52X contact. It hasa 
short output immediately following a “‘1” input. It then re- 
verts to “0”, regardless of whether the input “1”’ is short or 
continuous. Thus, with the SGR-51 reset and the breaker 
closed, the 52b switch is open, and a continuous “1”’ exists 
at the single-shot input with a steady-state “0” output. For 
this condition, the flip-flop outputs are as shown. With the 
negated input to the upper amplifier, relay CR is continu- 
ously energized, providing a closed contact CR in the 
breaker close circuit. 
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(T_T) 43 - Automatic Operation Cutout Switch 
86B 52b- - Circuit Breaker Auxiliary Switch 
(Closed When Breaker is Open) 
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lOISsc elle 52LC - Latch Check Switch 
52LPC - Breaker Low Pressure Check 
79 - SGR-51 Automatic Reclosing Relay 
Poss Seen eee See - SRS i eS ae ey 86B_ - Bus Lockout Relay 
H R5 101. - Manual Control Switch 
[=] +20Volts De R36fe 43S — - Synchronizing Switch 
- Contact of Normal Energized Relay 
! F fe) O o-«  - Relay Terminal and FT 
© Buffer s qa (cR) Case Test Switch 
Z2 \ 
| : \ 
H Flip- ! Anti- Logic States Shown With Breaker Closed 
| Flop Pump  (52b Open and SGR-51 Reset) 
H 3-30 1 | 
| is j {r@ | 
: Lockout | 
Reset Timer ; | 
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20Volts De 4(=-)| Supply} | Circuits 
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Figure 20-3: Logic Diagram of The SGR-51 Reclosing Relay. 


As the breaker is tripped by the relays, the only open con- 
tact in this breaker close circuit, 52bb, closes (Figure 20-3). 
Shortly after, 52b closes to produce a “0” input to the 
single-shot. Then, as the breaker recloses, 52b opens, put- 
ting a “1”’ on the single-shot input. A short “1” output fol- 
lows to operate the flip-flop. The upper output of the flip- 
flop changes to ‘“‘1”’, putting a “1” on the negated amplifier 
input and deenergizing CR relay. This opens contact CR in 
the close circuit. The lower output of the flip-flop changes 
to “0”’, operating the amber lamp to indicate a lockout. 


If the breaker stays closed (52b open), the two “‘1” inputs 
to AND permit an output to the reset timer. If this condi- 
tion continues for the reset interval (adjustable from 3 to 
30 seconds), the lower input (c) to the flip-flop is ener- 
gized, This resets the flip-flop, turns off the amber light, 
and closes CR ready for the next automatic reclose opera- 
tion, 


If the breaker retrips before the reset timer times out, the 
closing of 52b removes the “1” from the AND to stop the 
timer and prevent the reset. Further action is blocked un- 
til the breaker is closed manually. 


IV.B.3. Solid-State SGR-52 Relay Operation 


The SGR-52 logic, shown in Figure 20-4, is similar to the 
SGR-51 but has reclose-initiate and reclose-blocking func- 
tions. Also, the closing contacts CR are not preclosed. To 
initiate reclosing, CR must be energized. via the reclose- 


initiate circuit. This reclose-initiate contact may be on an 
auxiliary in the SRU relay or, in an electromechanical pilot 
system, on the 62X breaker-failure-initiate auxiliary. The 
reclose initiate circuit includes a 100/0 millisecond timer 
which allows time for the 52b contact to operate even if 
only a momentary closure of the reclose-initiate contact oc- 
curs. 


When a trip for which reclosing is desired (such as a pilot 
trip) occurs, the reclose-initiate auxiliary contact closes to 
provide a “1” input to OR-1. The output deenergizes the 
100/0 timer and places a zero on the input of OR-2. This 
puts a “0” on the negated AND-1 input. As the breaker 
opens and 52b closes, the middle negated input to the 
AND-1 goes to “0”. If a lockout has not occurred, the 
three-input AND-1 is satisfied to initiate the reclosing timer 
(0 to 2 or 2 to 20 seconds). The output of the timer satis- 
fies AND-2 to operate CR and initiate reclosing. 


The 52b switch may close several cycles after breaker inter- 
ruption. If the reclose timer is set on zero, the CR relay 
will close its contacts at approximately the same time as the 
52b switch closure. This produces only a slight delay in re- 
closing relative to the SGR-51 with its preclosed CR con- 
tacts and reclosing initiated by the faster 52bb switch. For 
EHV applications where intentional delay is required, the 
delay is provided by the 0-to-2-second timer, Where longer 
delays are required, 2-to-20 or 6-to-60 second timers are 
available. 
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: 
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; 
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Reclose 
Block 
6 Auxiliary 4 


Reclose Initiate 
Auxiliary 


Note 2 (s) 


3-30 
Seconds c 


Negative 
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Breaker 


Close 
Note 3 oy Circuit 


Power 
Supply |(—) 20 Volts 


Lockout 


Q 


indicator 
® 


O [Negative] 
Turns On Lamp 


Device Number Chart Notes: 


- Recloser Cutout Switch 1. Logic States Shown With Breaker Closed, 52b Open and 
- Synchronizing Switch SGR-52 Reset. 

- Breaker Auxiliary Switch (Open When Breaker is Open) 2. Light Not Required. Only a Circuit to Negative Through 

- Breaker Auxiliary Switch (Open When Breaker is Open) 52b is Required. 

- SGR-52 Relay 3. Upon Energization of Power Supply, Relay Locks out 

- Bus Lockout Relay Until Reset. 

- Breaker Control Switch Close 4. Output from 0.2/60 Causes Fast Timeout of 100/0 


101SC - Breaker Control Switch Slip Close Timer. 
O-*—- - Relay Terminal and FT Case Test Switch 


Figure 20-4: Logic Diagram of The SGR-52 Reclosing Relay. 


Reclose blocking is necessary for functions such as out-of- 
step tripping and breaker failure transfer tripping. The re- 
close block input to OR-3 operates a timer to input OR-2. 
This output of OR-2 overrides the initiate input and blocks 
reclosing by removing one of the AND-1 inputs, even though 
the pilot system may be calling for a reclosure. To avoid 
critical resetting between initiate and block inputs, the 0.2/ 
60-millisecond timer provides a continuing block signal for 
60 milliseconds after removal of the blocking input. 


The lockout and reset operation is the same manner as de- 
scribed above for the SGR-S51 relay. 


IV.B.4. Solid-State SGRU-52 Relay 


This relay is virtually identical to the SGR-52; the compo- 
nents, however, are enclosed in a 19-inch rack mounting 

chassis. Also, the relay contains an internal reclose cut-out 
switch, which allows the SGRU-52 to be taken out of serv- 


ice without affecting the ability to test it. All relay connec- 
tions are made through a plug connector and harness. 


IV.C. Multi-Shot Reclosing Relays 
IV.C.1. Solid-State SGRU-54 Relay Operation 


The SGRU-54 relay is a two-shot reclosing relay that pro- 
vides one high speed reclosure on pilot trips and one time- 
delayed reclosure on all relay-initiated trips. Basically, it 
consists of two SGR-52 relays: one provides the high speed 
reclosing function; the other provides the time-delayed re- 
closing function. 


For EHV applications, initial reclosure may be delayed to 
allow an appropriate dead time. If necessary, the time- 
delayed reclosure may be supervised by an external CVE-1 
synchronism check relay (equipped with LBDL/LLDB con- 
trol). If a synchronism check is not used, the reclosing 


20-8 


times (2 to 20 seconds) are controlled solely by the 52b 
switch input. 


The SGRU-54 relay can assist in equalizing the reclosing duty 
on the circuit breakers in a breaker-and-a-half or ring bus 
configuration. This function can be accomplished by (1) al- 
lowing the reclosing relay for one breaker to reclose at high 
speed on pilot trips, with a fairly long second reclosing time 
delay and (2) by setting up the reclosing relay for the adja- 
cent breaker for short time-delay reclosing only. 


Thus, on a high speed pilot trip, the first breaker will re- 
close at high speed. If reclosure were unsuccessful, the sec- 
ond breaker would provide the second reclosure. If that 
were also unsuccessful, both reclosing relays would be 
locked out by interconnecting circuitry. 


If the second reclosure were successful, the second relay 
would reset in 3 to 30 seconds, and the reclose inhibiting in- 
put to the first SGRU-54 would be removed. The first 
breaker then closes after a time delay. The first relay then 
resets to its normal condition after completion of the 3-to- 
30-second timing cycle. 


The time-delayed reclosure may be supervised by a synchro- 
nism check relay and, if desired, by LBDL and LLDB auxil- 
iaries, 


IV.C.2. Electromechanical RC and Semi-Static 
DRC Relays 


These two relays provide multiple-shot reclosing, which can 
be programmed for a variety of applications. The RC se- 
quences under the influence of a motor started by a relay- 
initiated trip. The DRC monitors its state in the reclosing 
sequence by a stepping switch; timing for the reclosing and 
resetting delays is performed by the DRC with solid-state 
elements. Both relays provide the same functions, closing 
the breaker in accordance with a preset sequence, resetting 
if the breaker recloses without further tripping, or locking 
out if reclosing is unsuccessful. Both have provisions for 
instantaneous trip lockout, as described earlier. The DRC 
permits fast resetting, while the RC must go through its full 
drum cycle before resetting. 


IV.C.3. Solid-State SRCU-2 Relay 
This three-shot reclosing relay for subtransmission and 


transmission line applications incorporates a synchronism 
check and LLDB/LBDL control features. It provides high 


speed reclosure, followed by one or two time-delayed re- 
closures. : 


The high speed initiated reclosure is controlled by a 0-to-1- 
second calibrated timer, adjustable from no intentional de- 
lay to the appropriate dead time for EHV applications. For 
additional reliability, the high-speed reclose-initiate input 
incorporates an 8/0 millisecond seal-in circuit. 


The SRCU-2 also provides a high speed reclosure inhibit in- 
put. This circuit is designed so that the inhibit signal takes 
precedence over the initiate input and blocks only high 
speed reclosing. To avoid critical resetting between the ini- 
tiate and block inputs, a 0.2/60-millisecond timer provides 
a continuing block signal for 60 milliseconds after the block- 
ing input is removed. 


The two time-delay reclosure circuits have independently 
adjustable 2-to-120-second calibrated timers. High speed re- 
closure is not a prerequisite for time-delayed reclosures. 
Both time-delayed reclosures are supervised by the synchro- 
nism, and the LLDB/LBDL functions; that is, one of these 
functions must be present (within its setting) for time- 
delayed reclosures to take effect. 


The SRCU-2 can be programmed for independent reclosure 
times for LLDB- and LBDL-supervised reclosures. The 
timers normally committed to the first and second time- 
delayed reclosures are set to allow a maximum of two, 
2-to-120-second independent reclosures before lockout 


After sequencing with no successful reclosures, the relay 
locks out to prevent further operations. Lockout is indi- 
cated by an amber light and energization of the lockout re- 
lay. The sequence check circuitry, designed to initiate lock- 
out upon any discrepancy of breaker operations (through 
52b) versus relay operation settings, provides the SRCU-2 
with an antipump capability. When dc is applied, the 
SRCU-2 locks out until reset. All elements, except the in- 
dicating lights, are reset 3 to 60 seconds after the breaker 


remains closed. 


The SRCU-2 also incorporates an intermediate lockout 
function, with one remaining reclosure available to final 
lockout. Final reclosure is allowed under synchronism 
check supervision only. 


Four voltage level detectors indicate line and bus status, 
Each is independently adjustable from 3 to 120 V for live 
and dead conditions. 


Serene ee 


The synchronism check detector, indicating the phasing 
voltage between line and bus, has a range of 5 to 120 V. A 
synchronism confirmation requires that one of the voltages 
be above the live voltage level setting. 


An optional inhibit input blocks all reclosing as long as an 
input persists—such as a reception of a transfer trip signal 
from a remote station. This inhibit input is retained if loss 
of signal occurs when “trip” is being received. 


Another option, the supervisory close input, overrides lock- 
out to provide one additional reclosure if either synchro- 
nism or the LLDB/LBDL conditions are satisfied for more 
than 2 seconds. If the circuit recloses and retrips and dur- 
ing this time the supervisory close input continues, a second 
reclose will not occur. 


Another option is a voltage output on a DLDB condition 
after a 5-second delay. An external ARS relay driven by 
this output can provide trip control. This use of this option 
is diagrammed in Figures 20-5 and 20-6. Faults are isolated 
by tripping all intervening devices—such as switches B,C,D 
and E when breakers A and F trip—and then reclosing them 
discriminatingly as shown. Switches B, C, Dand E must be 
able to close into the worst three-phase fault, but need not 
interrupt fault current. This scheme also dictates that bus 
and line potential be available for each switch. 


Permanent Fault on Line CD 


One Line Diagram 


ie 
a 


oO 
5 
og a 
m 
m 
= 


Load 
SRCU-2 Settings 
A B | Cc | F 
LLDB — 2 Sec. | 14 Sec. | 12 Sec. 2 Sec. — 
LBDL 10 Sec. | 14 Sec. | 12 Sec. | 14 Sec. | 12 Sec. | 10 Sec. 
Reset 10 Sec. | 10 Sec. | 10 Sec. | 10 Sec. | 10 Sec. _ 


Permanent Fault on Line CD 


A and F Trip 

B,C, D and E Trip 

A and F Reclose (LBDL) 
B and E Reclose (LLDB) 
SRCU-2 at B and E Reset SRCU-2 at B and E Reset 
C Closes (LBDL) C Closes (LBDL) 

A Trips D Closes (LBDL) 

D Closes (LBDL) 

F Trips 

B and C Trip 

D and E Trip 

A Recloses 

B Recloses (LLDB) 

F Recloses 

E Recloses (LLDB) 


Temporary Fault on Line CD 


A and F Trip 

B, C, D and E Trip 

A and F Reclose (LBDL) 
B and E Reclose (LLDB) 


Figure 20-5: Typical Example of an Application of The SRCU-2 on a 
Subtransmission Circuit. 


IV.C.4. Summary of Reclosing Relay Characteristics 


The characteristics and features of the various solid state re- 
closing relays are summarized in Table 20-1. 


Temporary Fault on Line CD 


Fault Occurs Fault Occurs 
Breaker A SOoen 10 24_|34) Breaker A sae 
Switch B Switch B 
Switch Cc Switch Cc 
Switch D Switch D 
Switch E Switch E 
Breaker F Breaker F 
SRCU-2 A Nor Reser SRCU-2 A Noe Reset 
SRCU-2 B SRCU-2 B 
SRCU-2 C SRCU-2 C 
SRCU-2 D SRCU-2 D 
SRCU-2 £ SRCU-2 £E 
SRCU-2 F SRCU-2 F 
Seconds > 0 90 Seconds > O 20 1 4 60 


Fault Located and Isolated 


All Load Restored 


All Load Restored All Lines Restored 


Figure 20-6: Timing Chart for Fault on Line CD in The System of Figure 20-5. 
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Table 20-1 


Solid State Reclosing Relay Characteristics 
(Table Gives Times in Seconds) 


SGR-51 SGR-52 DRC 
: . SGRU-52 | SGRU-54 d SRCU-2 
: (Flexitest | (Flexitest (Flexitest 
Functions Case) Case) (Rack) (Rack) Case) (Rack) 


Instantaneous one-shot reclosing 


First-shot reclosing with time delay 


Initiated first-shot reclosing with time 
delay 


Second-shot reclosing with time delay 


Initiated second-shot reclosing with 
time delay 


Third-shot reclosing with time delay 
Internal reclose lockout switch 
Instantaneous trip lockout after any 
preset trip or when closing in from 


lockout 


Intermediate lockout to allow final 
reclosure on synchronism only 


Synchronism check, live bus/dead line 
and live line/dead bus functions 


Optional inhibit input to restrain all 


reclosing 


Reset interval with instantaneous reset 
following 


Test/reset switch for indicator lamp 
check 


Lockout relay 


Output relay for energizing close circuit 


Indicating light for functional reclosures 


52b switch controlling green light for 
all breaker status supervision 


Locks out on application of dc 
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i Dc Control Bus Device Number Chart 
=e Pos . - Synchro-Verifier Relay (Type CVE) 
- Operating Electromagnet (Type CVE) 
- Restraint Electromagnet (Type CVE) 
- Power Circuit Breaker 
Voltage Transformer - Breaker Auxiliary Contact 
(Closed When Breaker is Open) 
- Circuit Breaker Contro! Switch 
- Contact as Shown in Off Position 
101-SC - Contact Closed During and After a 
Close Operation 


Other Devices Required for 
Anti-Pump Control Not Shown 


Closing 
Circuit 
of Breaker 


Voltage Transformer Neg ole oe 


Figure 20-7: Synchronism Check Relay Schematic Diagram. 


V. SYNCHRONISM CHECK 


Synchro-verifier relays check that the voltages on the two 


sides of a breaker are approximately the same in magnitude Contact Closing Torque 
; ; When Line Voltage Bus Voltage 
and phase. These relays supervise automatic or manual Falls Within Circle 


(Reference) 
closing of a circuit breaker and are connected as shown in 


Figure 20-7. The 52b contact ensures that the CVE con- 
tact is open immediately after tripping. 


Because of their slow speed, even on low time dial settings, 
these relays cannot perform a generator automatic synchro- 
nizing function except on very small machines (500 kVA), 

where a fairly large angle at closing may be permissible. The 
relays contain no provision for energizing the closing coil at 
the precise angle that would ensure zero voltage across the Figure 20-8: Typical Synchro-Verifier Relay Closing Characteristics. 


breaker contacts at the instant of closure. 


The synchro-verifier relay’s prime function is to ensure that, 


before closing a breaker, two system segments are already 
tied together or that two separated systems are very nearly 
in synchronism. Characteristics of the CVE group of relays 
are shown in Figures 20-8 and 20-9. Their normal adjust- 50° 
ment is 20 degrees, which may be increased to 60 degrees 


50° 


if such a wide closure angle will not disrupt the system. ae 
Figure 20-10 plots the maximum beat frequency across the 

open breaker that will allow the CVE contacts to close. For 
example, at a 20-degree angle of closure, a slip frequency of Boe 80° 


6) 
‘ Ni EL A ntl 
OLSu (ihe value that pives a synchroscope Pointer capa aie tituaeess SHI L| = 
ment at the rate of a clock’s second hand), would require a 


70° 


; : : Figure 20-9: Typical Voltage Angle Characteristics of CVE for 
time dial setting on the CVE of 2 or less. Various Angle Settings. (Rated Voltage on One Circuit). 
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Partial Schematic 


ne 7 oo ae | 


1 
! 
es 


Device Number Chart 


- Close Coil of Circuit Breaker 

- Automatic Reclose Lockout 

- Reclosing Relay 

- Control Switch Contact (Closed in “Close”) 
- Voltage Unit for One Side of Breaker 

- Voltage Unit for Other Side of Breaker 


Maximum Slip Frequency, Hertz 


fe} 1 2 3 4 5 6 7 8 9 10 =#11 
Time Dial 


Figure 20-11: Typical Synchronism Check Control of Breaker 
Closing Using CVE-1. 


Figure 20-10: Approximate Maximum Slip Frequency for Which 
Operation Occurs. (Rated Voltage on Both Sides) 


VI. DEAD LINE OR DEAD BUS RECLOSING 

At some locations, reclosing is initiated when the bus is hot Partial Schematic 
and the line is dead, or vice versa. This arrangement may 
be used, for example, to energize one end of a transmission 
line if the bus is hot. Reclosing at the other end of the line 
could be supervised by a synchro-verifier relay. The CVE-1 


relay contains elements for synchronism check, DLLB, and 
LBDL controls. Figure 20-11 illustrates its basic operation 


High Speed Trips 


Manual or 
Supervisory 
Trips 


for controlling breaker closure. Manual breaker closures by 
101C can also be supervised as shown. 


To avoid any possibility of pumping, synchronism check 
closures should always be made under control of a reclosing 
relay or similar device (see Figure 20-11). The synchro- 
verifier relay does not include an antipump provision, nor 
will the antipump scheme in the breaker reliably prevent 
pumping when closing into a permanent fault. 


Vil. SELECTIVE INITIATION 


Figure 20-12 shows how the CVE-2 relay is used to selec- 
tively initiate reclosures. The reclosing action is modified 
by the nature of the trip: high speed relay trips initiate 


SX-1 


Initiate 
High Speed 
Reclosures 


* Initiate Time 


Sx-2 Delayed 


c 


Reclosures 


Check 


VE Synchronism 


ene 


Figure 20-12: Reclose Initiation Scheme of CVE-2 Relay. 


high speed and time-delayed reclosures; time-delayed relay 
trips initiate only time-delayed synchronism check reclo- 
sures; and manual trips do not initiate reclosures. 


20-13 


VIN. AUTOMATIC SYNCHRONIZING The automatic synchronizer can also be equipped with the 
following options: 
The type XASV synchronizing system can be used at unat- 


tended locations or at attended locations for automatic a. An acceptor (A) to restrict the range of voltages at which 


synchronizing or supervision of manual synchronizing. The 
heart of this system is the X synchronizer, which compares 
the voltage on two sides of an open breaker and energizes 
the breaker close coil under the following conditions: 


a. If the frequency difference is below a preset amount 


b. At such a phase angle that the breaker contacts close 
when the systems are in phase. 


breaker closing is initiated 


. A governor control auxiliary (S) to initiate angular adjust- 


ments needed for synchronizing 


. A regulator control auxiliary (V) to initiate voltage level 


adjustments needed for synchronizing 


. Asynchronism check device (Y) to avoid possible clo- 


sure because of component failure in the XASV. 
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I. INTRODUCTION 


When a power System is in stable operation at normal fre- 
quency, the total mechanical power input from the prime 
movers to the generators is equal to the sum of all the con- 
nected loads, plus all real power losses in the system. Any 
significant upset of this balance causes a frequency change. 
The huge rotating masses of turbine-generator rotors act as 
repositories of kinetic energy: when there is insufficient 
mechanical power input to the system, the rotors slow 
down, supplying energy to the system; conversely, when ex- 
cess mechanical power is input, they speed up, absorbing 
energy. Any change in speed causes a proportional fre- 
quency variation. 


Unit governors sense small changes in speed resulting from 
gradual load changes. These governors adjust the mechan- 
ical input power to the generating units in order to maintain 
normal frequency operation. Sudden and large changes in 
generation capacity through the loss of a generator or key 
inter-tie, can produce a severe generation and load imbal- 
ance, resulting in a rapid frequency decline. If the gover- 
nors and boilers cannot respond quickly enough, the system 
may collapse. Rapid, selective, and temporary dropping of 
loads can make recovery possible, avoid prolonged system 
outage, and restore customer service with minimum delay. 


II. RATE OF FREQUENCY DECLINE 


Before designing a relay scheme for system overload protec- 
tion, it is necessary to estimate variations in frequency dur- 
ing disturbances. Figure 21-1 shows a system, 8, which con- 
sists of two interconnected subsystems, S; and S». For all 
of S, the following relationship must hold true for constant- 
frequency operation: 


> Generation = 2 Loads + Z Losses (21-1) 


There can, however, be more generation than load in S) and 
more load than generation in S>, with the difference being 
transferred by an inter-tie as shown. If the total loads and 
losses are equal to the total mechanical power input, there 
will be no change in generator speed or frequency with 
time. 


If, however, the tie is suddenly lost as a result of a perma- 
nent fault, the kinetic energy in the S; generators must in- 
crease to absorb the excess power input; that is, the genera- 
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tors must speed up. Conversely, the S,5 generators must 
slow down. If both generator output and load are assumed 
constant with frequency, the average rate of change of fre- 
quency over a specified frequency interval is given by: 


pL (f, - f.) 
R= 1 = 
f 
Hit - 4; 
fo (21-2) 
where 
R = average rate of change of frequency, Hz/s 
Pp = power factor rating of the machines 
L = average per unit overload 
- Load - power input (21-3) 
Power input 
Lao initial frequency for interval on which R 
is being calculated 
oe final frequency for interval 


MW-s 
H = inertia constant, 
ine fo) MVA 


The inertia constant (H) is defined as the ratio of the mo- 
ment of inertia of a generator’s rotating components to the 
unit capacity. It is proportional to the kinetic energy in 
these components at the rated speed. For example, a 
turbine-generator rated at 100 MVA, with an inertia con- 
stant of 4, has a kinetic energy of 400 MW-s, or 400 MJ, in 
its rotor when spinning at 3600 rpm. If both power output 
and load were constant with declining frequency and speed, 
the generator could supply its full load (with p = 1) for 4 
seconds, with no power input to the turbine, before the ro- 
tor would come to a complete halt. The inertia constant 
(H) for an individual unit is available from the manufac- 
turer. For a system, a composite value is calculated as fol- 
lows: 


H,MVA, BE H,MVA, +...H MVA 


ima (21-4) 
system MVA, +MVA,+...MVA, 
where subscripts 1,2, ... n refer to individual generating 
units. 


The larger the inertia constant, the slower the frequency de- 
cline for a given overload. Older water-wheel generators, 
with their massive rotors, have inertia constants as large as 
10. Newer generating units, however, may have inertia con- 
stants of only 2 or 3, since the trend in turbine-generator 
design is toward larger outputs with smaller rotor masses. 
Power systems are becoming more prone to serious fre- 
quency disturbances for given amounts of sudden load 
change. 


Since the inertia constant is based on the unit capacity, the 
effective constant for a machine operating at partial load 

is higher than the rated value. Even so, since load-shedding 
schemes must function most effectively during heavy sys- 
tem loading, the rated, rather than effective, H value should 
be used to calculate the largest expected average rate of 
change of frequency, R. 


Transmission Tie 


200MW Transfer 


Generation = 1OOOMW 
Load=800MW 


Generation = IOOOMW 
Load=12OOMW 


Figure 21-1: Interconnected System S . 


Assuming system S, in Figure 21-1 has a net load of 1200 
MW and a total generation of 1000 MW, the tie must carry 
200 MW from S, to S,. The inertia constant for S5 is 4, 
and the power factor rating of the machines there is 0.85. 
If the tie is suddenly lost, the average rate of frequency 
drop between 60 and 58 Hz in system S5 is calculated as 
follows. From Equation (21-3): 


Average Per Unit Overload L = qoad' Generator Input 


Generator Input 


_ 1200 - 1000 
1000 


=0.2 
then, using Equation (21-2): 


pL(f, -£,) 
Ret OI) 


_ (85) (.2) (58-60) 
~ 4 (.0656) 


= -1.30 Hz/s 


The negative rate of change indicates frequency drop. Halv- 
ing the inertia constant—putting H = 2 rather than H = 4— 
will double R. Repeating the calculation for the interval be- 
tween 58 and 56 Hz: 


p= £85).62) 2) 
4 (.0678) 


=-1.25 Hz/s (21-2) 


Between 52 and 50 Hz, R = -1.12 Hz/s. For reasons dis- 
cussed in Section III, a 60-Hz power system that reaches 
this frequency range could not avoid collapse. 


Assuming that the load and the power input to the genera- 
tor remained constant with frequency, the rate of drop (R) 
would decrease only slightly even after an intolerably large 
frequency reduction. Real loads, however (particularly mo- 
tor loads), do vary with frequency, tending to decrease as 
frequency drops. This effect relieves some or all of the 
overload that caused the frequency disturbance. The load 
reduction factor, (d) is defined as follows: 


ats percent change in load (21-5) 
percent change in frequency 

This factor may vary from 1/2 to 7, depending on the mix 
of loads, although typically most utilities assume d = 2 (that 
is, a 2 percent decrease in load for each 1 percent decrease 
in frequency). An exact value of d can be determined only 
by observing variation of load with frequency on the system 
under consideration. 


Using Equation (21-3) and assuming that d = 2, H = 4, and 
p = 0.85 on a 1000-MW system, the overload resulting from 
a sudden loss of 90 MW (9 percent) of its generation is: 


ie Load - Generator Input 
Generator Input 


_ 1000 - 910 
~~ 910 


= 0.1 per unit (or 10 percent) (21-3) 


The frequency will initially drop at 0.65 Hz/s, but, as the 
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frequency declines, the overload is reduced and the fre- 
quency drop slows. At 57.3 Hz, the frequency is down by 
4.5 percent, and the load is reduced by 9 percent to 910 
MW. This reduction completely relieves the overload, and 
the frequency will level off here. 


r 
H (Constant) 
’ 


7 + 10% Overload <a: al 


Load Decreases 2% per =| 
Tt 11% Reduction in Frequency 
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Figure 21-2: Behavior of Frequency During Overload. 


Figure 21-2 shows the behavior of system frequency for 
several combinations of inertia constant and percent over- 
load, assuming d = 2. The ratio of d to the percent overload 
determines the final settling frequency of the system; the 
inertia constant affects only the speed with which the new 
steady-state condition will be reached. 


The effect of d on the value of R, calculated using Equation 
(21-2), can be determined by using small decrements of fre- 
quency, f, - fo L must also be adjusted each time to reflect 
the reduction in loading as the frequency drops. This series 
of solutions will yield a close approximation of the desired 
curve. 


Ill. SYSTEM OPERATING LIMITS 


As described above, severe overloads on power systems will 
produce rapid frequency drops to levels radically below nor- 
mal. The apparatus in such a system, however, is designed 
for nominal 50- or 60-Hz operation, and often cannot func- 
tion effectively or safely at more than a few percent below 
rated frequency. This performance deterioration can com- 
pound the overload crisis and hasten system collapse. 


Generating plants, where optimum performance is essential 
to ride through overloads, are highly sensitive to frequency 
drop. There are two major problem areas: 
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a. Motor-driven auxiliaries, particularly boiler feedwater 
pumps, will slow down, reducing generator output. 
Safety margins in generator cooling and bearing lubrica- 
tion systems may become dangerously small. Most 
plants will operate effectively only down to the 56.5- to 
57.5-Hz range. 


b. The last rows of long, low-pressure blades in steam and 
gas turbines are tuned to operate free of resonance 
around 60 Hz. When running under heavy load at about 
58.5 Hz or below, the steam excitation frequency ap- 
proaches blade resonance. The blades may thus vibrate 
severely, producing fatigue stress. On the average, blades 
should not be subjected to a total of more than 10 min- 
utes of severe vibration over their lifespan—fatigue is 
cumulative. All possible precautions should be taken to 
avoid operation below 58 to 58.5 Hz. Frequency and 
time limits for turbine units should be specified by the 
manufacturer. 


IV. LOAD-SHEDDING 


For gradual increases in load, or for sudden but mild over- 
loads, unit governors will sense speed change and increase 
power input to the generator. Extra load is handled by us- 
ing spinning reserve—the unused capacity of all generators 
operating and synchronized to the system. If all generators 
are operating at maximum capacity, the spinning reserve is 
zero, and the governors may be powerless to relieve over- 
loads. 


In any case, the rapid frequency plunges that accompany 
severe overloads require impossibly fast governor and boiler 
response. To halt such a drop, it is necessary to intention- 
ally and automatically disconnect a portion of the load 
equal to or greater than the overload. After the decline has 
been arrested, and the frequency returns to normal, the load 
may be restored in small increments, allowing the spinning 
reserve to become active and any additional available gen- 
erators to be brought on line. 


Frequency is a reliable indicator of an overload condition. 
Frequency-sensitive relays can therefore be used to discon- 
nect load automatically. Such an arrangement is referred to 
as a load-shedding or load-saving scheme, and is designed to 
preserve system integrity and minimize outages. Although 
utilities generally avoid intentionally interrupting service, it 
is sometimes necessary to do so in order to avert a major 


system collapse. In general, non-critical loads, usually resi- 
dential, can be interrupted for short periods, minimizing the 
impact of the disturbance on service. 


Automatic load-shedding, based on underfrequency, is nec- 
essary since sudden, moderate-to-severe overloads can 
plunge a system into a hazardous state much faster than an 
operator can react. Underfrequency relays are usually in- 
stalled at distribution substations, where selected loads can 
be disconnected. 


The object of load-shedding is to balance load and genera- 
tion. Since the amount of overload is not readily measured 
at the instant of a disturbance, the load is shed a block at a 
time, until the frequency stabilizes. This is accomplished by 
using several groups of frequency relays, each controlling its 
own block of load and each set toa successively lower fre- 
quency. The first line of frequency relays is set just below 
the normal operating frequency range, usually 59.4 to 59.7 
Hz. When the frequency drops below this level, these relays 
will drop a significant percentage of system load. If this 
load drop is sufficient, the frequency will stabilize or actu- 
ally increase again. If this first load drop is not sufficient, 
the frequency will continue to drop, but at a slower rate, 
until the frequency range of the second line of relays is 
reached. At this point, a second block of load is shed. This 
process will continue until the overload is relieved or until 
all the frequency relays have operated. An alternative 
scheme is to set a number of relays at the same frequency 
or at close frequencies, and use different tripping time de- 
lays. 


Techniques for developing schemes and calculating settings 
are described below in Section VI. 


V. FREQUENCY RELAYS 


Three types of underfrequency relays are available. The 
induction-disc and the induction-cylinder relays are both 
electro-mechanical and use a frequency-sensitive phase- 
shifting network. The third and most sophisticated is a 
solid-state device that uses digital logic for precise and 
stable setting. All frequency relays use ac voltage from a 
voltage transformer or a capacitive voltage device for fre- 
quency measurement. 


V.A. CF-1 Induction-Disc Underfrequency Relay 


The induction disc (detailed in Chapter 3) is subjected to 


two ac fluxes whose phase relationship changes with fre- 
quency to produce contact opening torque above the fre- 
quency setting and closing torque below it. Characteristics 
of the type CF-1 underfrequency relay for a frequency set- 
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Figure 21-3: Characteristics of 60 Hz Induction Disc (CF-1) 
Frequency Relay. 


ting of 58 Hz are given in Figures 21-3a and 21-3b. As the 
curves of Figure 21-3a show, the relay has an inverse time- 
underfrequency characteristic. The time-lever parameter re- 
fers to the adjustment for initial contact separation, which 


determines the operating time for a given applied frequency. 


For predicting relay behavior during actual frequency dis- 
turbances, a more useful plot is operating time as a function 
of rate of change of frequency (Figure 21-3b). 


The induction-disc underfrequency relay is accurate to 
within 0.1 to 0.2 Hz of setting, depending on temperature 
and ac potential variations. It is designed for applications 
where high tripping speed is not essential. 


The operating time of the CF-1 relay can be calculated as 
follows. If the relay is applied to a system in which H = 8 
and which is subjected to a 31 percent overload, the initial 
rate of frequency decline between 60 and 58 Hz can be cal- 
culated using Equation (21-2). 


R= (85) (.31) (-2) 
8 (.0656) 


= -1.0 Hz/s 


The CF-1 relays have a frequency setting of 58 Hz and a 


21-5 


time dial setting of 1/2; they are connected to trip 6-cycle 
breakers. Figure 21-3b shows that, for a 1-Hz/s frequency 
decline at point X, the relays will trip 3.2 seconds after the 
disturbance begins. 


Since the frequency decline can not be arrested until loads 
are actually deenergized, all external time delays (including 
breaker interrupting time) must be added to the relay time. 
Adding the breaker time of 6 cycles, or 0.1 second, gives a 
total of 3.3 seconds from the start of the disturbance to in- 
terruption of the load. With a 1-Hz/s decline, the frequency 
at load interruption will be 3.3 x 1 = 3.3 Hz below normal, 
or 56.7 Hz. 


V.B. KF Induction-Cylinder Underfrequency Relay 


The induction-cylinder underfrequency relay is more accu- 
rate and much faster than is the CF-1 disc relay. The oper- 
ating principle, however, is the same: two ac fluxes, whose 
phase relationship changes with frequency, produce contact- 
closing torque in the cylinder unit (detailed in Chapter 3) 
when the frequency drops below the setting. The contacts 
have a fixed initial separation and may close in as little as 

5 to 6 cycles after application of underfrequency potential. 


Phase shifts in the ac potential supply, resulting from fault 
inception or clearing, may appear to the relay as sudden fre- 
quency changes, and may result in incorrect cylinder unit 
contact closure. For this reason, at least 6 cycles of inten- 
tional delay must be added to the relay operating time be- 
fore tripping. This delay may be obtained either by picking 
up a 6-cycle telephone relay or by energizing an adjustable 
static timer in the KF relay. The frequency setting accu- 
racy of such a relay is about +0.1 Hz, depending on voltage 
and temperature changes. 


The tripping characteristics for the KF induction-cylinder 
relay are shown in Figure 21-4. This type of plot is useful 
for predicting the frequency at which tripping will occur 
during frequency declines. It reflects the fact that the fre- 
quency will continue to drop after the relay setting fre- 
quency is crossed and during the time the relay is operating. 
Asa result, the actual contact closure frequency will be 
somewhat below the set value. 


The cycles of delay parameter associated with each curve in 
the family is the intentional time delay setting after the cyl- 
inder unit closes its contacts. The plot shown in Figure 
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quency decline indicates that the trip contact will close 
when the frequency is 2 Hz below the setting. Total operat- 
ing time will thus be: 


- x 60 (base) = 12 cycles (21-6) 


In other words, the cylinder unit operates in 6 cycles, and 


the timer adds a 6-cycle delay. 


The time from disturbance inception to interruption, using 


the KF induction-cylinder relay, can be calculated as fol- 


lows. Assuming the relay is applied to a system in which 

H = 2 and which has a 31 percent overload, the initial rate 
of frequency decline is 4 Hz/s (Equation 21-2). If the delay 
timer is set for 10 cycles, and the relay trips a 5-cycle 


breaker, the total effective delay in disconnecting the load 
is 15 cycles. Figure 21-4 indicates that, if the KF relay is 
set to trip at 59.0 Hz, load will actually be disconnected at 
point X, 1.55 Hz below the setting, or 57.45 Hz. Thus, the 
time from disturbance inception to interruption is: 


Hertz Below Trip Frequency at Contact Closure 


60.0 Hz - 57.45 Hz 
Rate of Change of Frequency , Hz/Seconds 4 Hz/s 


= 0.64 sec. (21-7) 


Figure 21-4: Characteristics of 60 Hz Induction Cylinder (KF) 
Frequency Relay. 


V.C. SDF-1 Digital Solid-State Underfrequency Relay 
21-4 includes the inherent cylinder unit operating time. An 
examination of the 6-cycle-delay curve with a 10-Hz/s fre- The SDF-1 relay combines a crystal-controlled clock with 
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Figure 21-5: Simplified Block Diagram of SDF-1 Solid State Underfrequency Relay. 


digital counting circuiting to provide high accuracy, stabil- 
ity and fast operation. In addition, it is insensitive to tran- 
sient phase shifts caused by faults. 


Figure 21-5 shows the SDF-1 in simplified block diagram 
form. Filtered ac potential is applied to a zero-crossing de- 
tector, which yields an output pulse for each positive-going 
zero-crossing of the ac wave. This pulse defines the period 
of the waveform and is used to trigger the accumulation of 
clock pulses generated by a stable 1.96-MHz crystal oscil- 
lator in a 16-bit binary counter. The next zero-crossing 
pulse signals the end of the period and the period detector 
circuitry checks the accumulated pulse count. The counter 
is then cleared for the next cycle, and a new count is begun. 
The lower the frequency, the longer the period and the 
greater the number of clock pulses accumulated in the 16- 
bit counter during each cycle. 


The relay frequency is set using a series of binary-weighted 
tap-screw inputs in the period detector circuitry. Inputs are 
set to the binary count for the period corresponding to the 
desired tripping frequency. If the period detector circuitry 
senses an accumulated count larger than indicated by the 
relay setting, the period detector signals the trip control 
counter that an underfrequency cycle has been detected. 
The trip control counter will immediately start the delay 
timer, but will not enable the trip output circuits until three 
consecutive underfrequency cycles have been detected. The 
trip output will reset and the timer stop only after two con- 
secutive cycles with frequencies higher than the set value 
have been detected. 


The relay tripping frequency is accurate to within + 0.007 
Hz of the frequency setting. Total minimum operating time 
is 4 cycles, including one cycle for pickup of the internal 
tripping telephone relay. The delay timer is adjustable in 

1 cycle setting increments from 2 to 99 cycles, 33.3 ms to 
1.65 sec. It starts after the first detected underfrequency 
cycle. Thus with a 2 cycle setting, it will time out at the 
same time that tripping is enabled by the trip control 
counter. 


If the ac potential falls below approximately 40 Vac, an un- 
dervoltage detector blocks underfrequency cycle counting 
in the trip control counter and resets the trip output. 


The tripping behavior of the SDF-1 relay can be predicted 
using Figure 21-6. The cycles of delay parameter on each 
curve corresponds to the actual delay setting on the relay’s 
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Figure 21-6: Characteristics of Digital Solid State (SDF-1) 
Underfrequency Relay. 


front panel. The curves are plotted, however, to show total 
relay operating time, which is approximately 2 cycles longer 
than the delay setting. Again, external delay should be 
added to the delay setting when determining the time or 
frequency at which load will actually be disconnected. The 
overload nomograph at the bottom of Figure 21-6 relates 
percent overload to initial rate of frequency decline, based 
on Equation (21-2) with a frequency interval of 60-58 Hz 
and 0.85 power factor. 


The total time from disturbance inception to load-shedding 
using the SDF-1 is calculated as follows. Assuming the re- 
lay is applied to a system in which H = 2 and which has a 
38.5 percent overload. The rate of frequency decline is 

5 Hz/s (Figure 21-6). If the relay is set at 3 cycles (50 ms) 
intentional delay and is connected to trip a 5-cycle breaker 
for load-shedding, the curve delay is 8 cycles. With a fre- 
quency setting of 59.5 Hz on the SDF-1 and a curve delay 
of 8 cycles, Figure 21-6 indicates that the load will be dis- 
connected at 0.83 Hz below the relay frequency setting, or 
58.67 Hz. Since the relay has an operating time of 2 cycles 
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longer than the intentional delay, the total interrupting 
time is 10 cycles (0.17 sec.). The total time from disturb- 
ance inception to load-shedding is: 


60.0 Hz - 58.67 Hz 
5 Hz/s 


= 0.27 sec. (21-7) 


VI. FORMULATING A LOAD-SHEDDING SCHEME 


Several procedures and criteria must be considered when 
designing load-shedding schemes for specific systems. These 
include: 


a. Maximum anticipated overload 

b. Number of load-shedding steps 

c. Size of the load shed at each step 
d. Frequency settings 

e. Time delay 

f. Location of the frequency relays. 
VI.A. Maximum Anticipated Overload 


Underfrequency relays should be able to shed a load equal 
to the maximum anticipated overload. Logically, there is 
no reason to limit load-shedding to any percentage of load. 
Indeed, it is preferable to shed 100 percent of load, preserv- 
ing interconnections and keeping generating units on line 
and synchronized, than to allow the system to collapse with 
customers still connected. Even if 100 percent of the load 
is shed, service can be restored rapidly; if the system col- 
lapses, a prolonged outage would result. For this reason, it 
is necessary to evaluate the cost of the load-shedding 
scheme in light of the probability that an overload of a 
given severity can occur. 


The system should be studied with respect to the overload 
that would result from the unexpected loss of key generat- 
ing units, transmission ties, and busses. Stability studies can 
help identify areas which, if separated or islanded from the 
rest of the system, would have a severe generation defi- 
ciency. These areas will need more comprehensive load- 
shedding. 


In theory, the load reduction factor (d) must also be con- 


sidered, since it may reduce the overload once the frequency 
has dropped. If spinning reserve, or an additional genera- 
tion capacity equal to the overload compensated for by d, 

is not available shortly after the disturbance, it will be im- 
possible to bring the system back to 60-Hz operation. This 
will mean that an islanded system cannot be resynchro- 
nized, and interconnections to neighboring utilities cannot 
be reclosed. (It should also be remembered that the turbine- 
generators must not be operated for extended periods below 
rated speed.) 


The load reduction factor (d) is rarely known exactly and 
may vary with time. To design a conservative scheme, 
which will tend to shed enough load for system recovery to 
normal frequency, it is safest to assume that d equals zero. 


VI.B. Number of Load-Shedding Steps 


The simplest load-shedding scheme is one in which the pre- 
determined percentage of the load is shed at once when a 
group of relays senses a frequency drop. While this scheme 
will arrest any anticipated frequency decline, it will often 
disconnect far more customers than necessary. A refine- 
ment, then, would be to use two groups of relays, one oper- 
ating at a lower frequency than the other, and each shed- 
ding half the predetermined load. The higher-set relays 
would trip first, halting the frequency decline as long as the 
overload were half or less of the worst-case value. For more 
severe overloads, the frequency would continue to drop, al- 
though at a slower rate, until the second group of relays op- 
erated to shed the other half of the expendable load. 


The number of load-shedding steps can be increased virtu- 
ally without limit. With a great many steps, the system can 
shed load in small increments until the decline stops; almost 
no excess load need be shed. Such a scheme may, however, 
inhibit system recovery. As noted below, it may also be 
difficult to coordinate so many steps. 


Most utilities use between two and five load-shedding steps, 
with three being the most common. 


VIC. Size of the Load Shed at Each Step 


Where possible, the size of the load-shedding steps should 
be related to expected percentage overloads. When a study 
of the system configuration, or a stability study, reveals 
that there is a relatively high probability of losing certain 


generating units or transmission lines, the load-shedding 
blocks should be sized accordingly. Sizing can be deter- 
mined as follows. 


Assume that a power system has a generating plant (A) at a 
remote location; that this plant is tied to the rest of the sys- 
tem by long lines; and that the system also is connected by 
a transmission tie (B) to a neighboring utility. Assume also 
that A carries up to 20 percent of system load and B carries 
up to 12 percent. Stability studies show that certain faults 
or disturbances may result in loss of synchronism between 
A and the system, so that its transmission ties must be 
opened. Furthermore, problems on the neighboring utility 
system may necessitate tripping of B. It is important for 
such a system to implement a load-shedding scheme that 
will preserve the remaining system if A and B are lost. It is 
logical, therefore, to use three load-shedding steps to handle 
overloads resulting from: (1) loss of A, (2) loss of B, or 

(3) loss of both A and B simultaneously. The overloads, in 
order of increasing probability and seriousness, are listed in 
Table 21-1. 


Table 21-1 


Percent 
Overload 
(from 
Equation 21-3) 


Percent of 
Generation 
Lost 
Loss of intercon- 
nection B 


Loss of generator A 


Loss of both A and B 
simultaneously 


The following load-shedding steps are implemented to han- 
dle each situation in succession: 


Step 1 Shed 12% of total load (12% of total) 


Step 2 Shed an additional 8% of remaining load (20% of 
total) 


Step 3 Shed an additional 12% of remaining load (32% of 
total). 


Note that each step sheds only enough load to handle the 
next, more serious contingency. Each step should be evenly 
spread over the system by dropping loads at diverse loca- 
tions. 
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If the system under consideration is large, there may be 
many possible combinations of losses to consider, each 
causing only a small percentage overload in itself. In this 
case, a number of overload situations may be lumped to- 
gether and handled in one step. Conversely, it may be suffi- 
cient to shed a percentage of the overload in a few equal 
steps. To implement the shedding evenly and at the distri- 
bution level, such a system would require a large number of 
frequency relays, distributed over the system. With so 
many relays, there is no cost penalty in using more but 
smaller steps (five, for example) to more closely balance 
generation and load, provided all the steps can be coor- 
dinated. 


VI.D. Frequency Settings 


The frequency at which each step will shed load depends on 
the system’s normal operating frequency range, on the op- 
erating speed and accuracy of the relays, and on the number 
of load-shedding steps. 


The frequency of the first step should be just below the 
normal operating frequency band of the system, allowing 
for variation in the tripping frequency of the relay. The 
stable, solid-state relays may be set from 59.6 to 59.8 Hz to 
trip at the first indication of trouble. For electromechani- 
cal relays, the highest frequency setting should be approxi- 
mately 0.1 to 0.2 Hz below the system’s lowest normal op- 
erating frequency. Whatever type of relay is used, the fre- 
quency should be selected to avoid shedding for minor dis- 
turbances from which the system can recover on its own. 


The remaining load-shedding steps may be selected as 
follows: 


a. Using relay tripping curves, calculate the actual frequency 
at which load will be shed by the first-step relays for the 
most severe expected overload. (See Section V, Fre- 


quency Relays.) 


b. Set the second-step relays just below this frequency, al- 
lowing a margin that will tolerate frequency drift for 
both sets of relays. 


c. Calculate the actual frequency at which the second load- 
shedding step will occur. The rate of frequency decline 
by the second-step relays can be calculated as that re- 
sulting from the most severe expected overload minus 
the load shed in the first step. 
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d. Again, allowing a margin for relay drift, set the third- 
step relays below the lowest second-step shedding fre- 
quency. 


e. Repeat the calculations until settings are obtained for all 
steps. Determine the system’s lowest frequency value 
before the final load block is interrupted for the worst- 
case overload. This value should not exceed the system’s 
low-frequency operating limit. To avoid turbine blade 
vibration and the attendant chance of fatigue damage, 
the limit should be no lower than 58 to 58.5 Hz. If the 
turbines are permitted to operate below this level but 
within the fatigue time limit, the load-shedding scheme 
can be designed to allow the frequency to drop to be- 
tween 56.5 and 57.5 Hz. Below this limit, generating 
plant performance will suffer. 


If the lowest calculated frequency dip is well above the 
lowest tolerable operating frequency, either the margin be- 
tween steps or the number of steps can be increased to min- 
imize the chance of unnecessary load interruption. If, on 
the other hand, the low-frequency operating limit is ex- 
ceeded for the worst-case overload, one or more of the fol- 
lowing remedies may be applied, after which the settings 
must be recalculated: 


a. Reduce intentional and/or auxiliary time delays 
b. Use a higher first-step frequency setting, if possible 
c. Use faster frequency relays 


d. Use more accurate frequency relays to reduce the coor- 
dinating margin between steps 


e. Increase the proportion of load shed in the early shed- 
ding steps 


f. Reduce the number of steps and increase the size of 
each step. 


Continuing with the example given in Section VI.C above, 
frequency settings may be calculated as follows. Assume 
the first-step load-shedding frequency is 59.65 Hz, and that 
H= 4. From Table 21-1, the worst expected overload is 47 
percent, and, from Figure 21-6, a 47 percent overload will 
cause a frequency decline of approximately 3 Hz/s. Apply- 
ing SDF-1 relays with the minimum possible intentional de- 
lay setting (2 cycles) and distribution breakers with an in- 


terrupting time of 6 cycles, the curve delay for removing 
the loads is 8 cycles. Figure 21-6 indicates that, for the 
worst case of the simultaneous loss of generator A and inter- 
tie B, the first load block will be shed when the frequency is 
0.5 Hz below the first step setting of 59.65 Hz, or 59.15 Hz. 
The 12% reduction in the load of step 1 causes a corre- 
sponding drop in percent overload. Using equation 21-3 
with the reduced load of 12% and the same 32% generation 
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.88 -. 
loss, the overload now is ary a 100 = 29.4 percent. 


The rate of frequency decline is now approximately 1.91 
Hz/s as can be observed from the nomograph of Figure 21-6 
which assumes an interval of 60-58 Hz or calculated directly 
from equation 21-2 using any | to 2 Hz interval around 
59.15 Hz. This calculated rate is not significantly changed 
by the choice of the interval as long as it is within 1 or 2 Hz 
since equation 21-2 is nearly linear. 


Allowing a safety margin of 0.05 Hz (these relays are accu- 
rate to + 0.007 Hz), the second-step frequency can be set at 
59.10 Hz. Using the same time delay and breaker interrup- 
tion time, the 8-cycles-of-delay curve of Figure 21-6 for 
29.4% overload indicates that the frequency will drop 
another 0.32 Hz to 58.78 Hz when the second-step loads 
are removed for a 20% total. The overload is now reduced 
to abe 88 a , or 17.6 percent, and the rate of frequency de- 
cline falls to approximately 1.14 Hz/s. The third-step should 
be set at 58.7 Hz, 0.03 Hz below the second-step shedding 
frequency. Again using the 8-cycles-of-delay curve, fora 
17.6 percent overload, the frequency will drop another 0.19 
Hz to 58.56 Hz when the final step is interrupted. At this 
point, the overload is completely removed, and the fre- 
quency is still high enough to avoid turbine blade stress. 


If the KF induction-cylinder relays were used in the above 
example, the settings would be calculated as follows. The 
minimum intentional delay setting of this relay is 6 cycles, 
Combined with the 6-cycle interrupting time of the distri- 
bution breakers, the total effective time delay is thus 12 
cycles. The 12-cycle-of-delay curve can be found by calcu- 
lating how far the frequency will drop during the excess 
time delay and adding this drop to the value obtained from 
the 6-cycle curve (Figure 12-4). 


In this example, the extra delay from the breaker is 6 
cycles, or 0.1 second. Since the frequency initially is drop- 
ping at 3 Hz/s, it will fall an extra 0.1 x 3, or 0.3 Hz while 
the breaker is interrupting. Figure 21-4 indicates that, with 


6 cycles of internal delay, the relay closes its tripping con- 
tact at 0.8 Hz below setting frequency—yielding a 1.1 Hz 
(0.8 + 0.3 Hz) total frequency drop below the setting of the 
first-step relays. That is, if the first-step relays are set to 
59.5 Hz, the load will be shed at 58.4 Hz. Allowing a mar- 
gin of 0.2 Hz, the second-step relays can be set at 58.2 Hz. 
Since the frequency is now declining at approximately 1.91 
Hz/s, the second-step relays will shed their load at: 


58.2 Hz - 0.6 Hz - (0.1 s x 1.9 Hz/s) = 57.4 Hz 
(from 

(setting) Figure 
21-4) 


(breaker) 


Again, allowing a 0.2-Hz margin, third-step relays are set at 
57.2 Hz. The rate of decline is now approximately 1.11 
Hz/s*, so the third-step relays will shed their load at: 


57.2 Hz - 0.38 Hz -(0.1 s x 1.1 Hz/s) = 56.71 Hz. 


Although this value is quite low, the system can be held to- 
gether and restored to normal-frequency operation with 
d-factor load reduction, governor response, and diligent op- 
erator monitoring. Some additional manual shedding may 
be necessary. 


VI.E. Time Delay 


The above examples illustrate an important rule for load- 
shedding schemes: use the minimum possible time delay 
consistent with relay security. The less the delay, the more 
easily the scheme can cope with severe overloads. All un- 
necessary interposing auxiliary devices should be avoided. 


Naturally, there are exceptions where extra time delay may 
be needed. One such case is a frequency relay connected to 
a potential supply from a bus that supplies induction motor 
loads (Figure 21-7). If the line breakers 1 and 2 trip and in- 
terrupt current to the motors, the motors will slow down 

rapidly. Because of trapped, decaying flux, the motors will 


*This 1.11-Hz/s rate of decline, compared with 1.14 Hz/s in the 
previous example, occurs because the frequency is 57.2 Hz rather 
than 58.7 Hz as before. Asa result, R is calculated from Equation 
21-2 using a 58-to-56-Hz interval for fj and fo, rather than a 60-to- 
58-Hz interval. The calculated value of R changes only slightly, 
and the effect on the KF load-shedding calculations is not signif- 
icant. 
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Shedding of Feeders 4,5 and 6 
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Motor Loads SDF-1 
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Supervises Shedding 
of Motor Loads 


De Negative 


Figure 21-7: Underfrequency Relay With Induction Motor Load. 


excite the bus with ac potential of declining frequency, pos- 
sibly for 0.5 second or longer. Asa result, the load-shedding 
frequency relay will trip unnecessarily and lock out the 
feeder breakers 4,5, and 6. When remote breakers 1 and 2 
reclose, service to the motors will not be restored, and 
breakers 4, 5, and 6 must be reclosed manually. This situa- 
tion has caused frequency relays with up to 30 cycles of de- 
lay to trip. 


An intentional time delay long enough to ride through the 
false bus excitation is quite often too long to be consistent 
with load-shedding requirements. A more effective method 
is to supervise the underfrequency relay using the overcur- 
rent relay (50) connected to the source current transformer, 
as shown in Figure 21-7. The frequency relay (81) will trip 
breakers 4, 5, and 6 and shed load only when significant 
load current is flowing into the bus. 


VI.F. Location of the Frequency Relays 


In large systems, the load-shedding relays should be spread 
throughout the system to avoid heavy power flows and un- 
desirable islanding. Load-shedding in one concentrated 
area, for example, can cause heavy power flow over trans- 
mission lines from the area where the load was shed to areas 
of excess load. Because of the original disturbance, these 
lines may already be operating at high emergency levels, and 
the uneven load shedding may cause thermal overload or 
system instability. 


Concentrated loss of generation in certain areas of the sys- 
tem will also result in frequency dispersion; that is, the fre- 
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quency in the overloaded areas will drop faster than else- 
where. The difference in frequencies, naturally, produces 
rapidly increasing torque angles on the transmission lines, 
which may cause the system to go out of step. Fortunately, 
load-shedding relays in the area of greatest frequency de- 
cline will trip first. This action alleviates the uneven load- 
ing, helps to bring the system back to uniform frequency, 
and avoids the impending loss of synchronism. It is clearly 
important, however, to install some extra load-shedding ca- 
pability in any portion of the system that is prone to con- 
centrated overload. 


Finally, load-shedding priorities must be established. The 
nature of the loads shed can usually be controlled only by 
tripping feeders at the distribution level. The implication 
is that frequency relays will be installed in many distribu- 
tion substations and will control relatively small blocks of 
load. 


VII. SPECIAL CONSIDERATIONS FOR 
INDUSTRIAL SYSTEMS 


Load-shedding programs are recommended for industrial 
power systems. Frequency relaying is highly desirable for 
those systems where loads are supplied either exclusively by 
local generation, or by a combination of local generators 
and utility ties. Power must often be maintained to certain 
essential processes to avoid danger of personal injury, equip- 
ment damage, product loss, or process disruption. 


For local generators, the same type of single- or multiple- 
step frequency-based load-shedding program can be applied 
as that described for utility systems. Special precautions 
may be necessary, however, to accommodate the relatively 
small number of power sources, each of which can supply a 
considerable part of the total load. This type of scheme can 
produce different, more serious disturbances. 


For example, the scheme shown in Figure 21-8a is for a 
plant that generates about half its own power requirements, 
the balance being supplied through a utility tie. If this tie 
is lost, the local generators will be 100 percent overloaded, 
and the rate of frequency drop will be 6.5 Hz/s (Equation 
21-2 assuming H = 4 and a power factor of 0.85). Clearly, 
this plant needs an exceptionally fast load-shedding scheme 
that can drop a large percentage of low-priority load with a 
minimum delay. There may be no time for multiple steps. 
At the same time, the need for speed and sensitivity is often 


incompatible with security requirements for milder dis- 
turbances. 


Utility Tie 
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(b) Tripping Tie Breaker for Power Outflow to External Loads 


Figure 21-8: Control of Industrial Plant Load Shedding. 


One solution, shown in Figure 21-8a, is to set the frequency 
relay at a high, near-normal frequency and minimum delay. 
Its tripping circuit is supervised by an undercurrent relay, 
which closes if feeder service from the utility is lost. The 
large, sudden overload on the local generators is relieved by 
tripping low-priority plant loads. If the tie is in service and 
the utility suffers a frequency disturbance, the undercurrent 
relay will prevent load-shedding in the plant, while the util- 
ity sheds its overload in lower-priority areas. 


Another common situation occurs when a tapped transmis- 
sion line supplying more than one industrial customer is de- 


energized as a remote breaker opens (breaker 1 in Figure 
21-8b), In this situation, a plant with its own generation 
may find itself inadvertently supplying power to its neigh- 
bor, even while its own frequency is collapsing. The power 
outflow can be prevented by using a reverse power relay 
(such as type CW or KH-21) to trip the plant breaker 3. If 
this does not remove all the overload, the frequency relay 
will shed low-priority local loads. 


Plants without local generation but with multiple feeders or 
transformers can use load-shedding to ensure that loss of 
one or more feeders or transformers will not overload re- 
maining units. Frequency relays are neither required nor 
applicable. Time-overcurrent relays, set just above feeder 


Essential 


Expendable 
Incoming 
Feeders 
from Utility 


Expendable 


Essential 


Plant Loads 


Notes: 
1) CO-6 Relays Set to Pick Up for Transformer Overload 


De Positive 


Oc Negative 


Notes: 


1) 52b- Breaker Auxiliary Contact Which is Closed When Breaker is 
Open. 

2) Circuit Permits Shedding When One Transformer is Overloaded 
and The Other is Disconnected from The System on The High Side, 
Low Side or Both. 


{a) Protection against Transformer Overload. 


21-13 


ee Shedding Overcurrent Relay 


Fault Sensing Relay 


o 
£ 
ie 
o 
S 
S 
oO 
(s) Coordinating Margin 
= = 0.3 Seconds 
g 
ree nega 


Gy 

Normal YLoad oh mnrae4 
Loading Load Shedding 7 
moe Lf 


nen Fault Current 


—k —> 


Current 


Figure 21-9: Illustration of The Coordination of Overcurrent Load 
Shedding Relays With Fault Sensitive Relays. 
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Figure 21-10: Load Shedding Schemes for Industrial Plants With No Local Generation. 
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or transformer capacity but below fault relay setting, will 
detect overloads and drop low-priority plant loads. 


To avoid unnecessary shedding during faults, these load- 
shedding relays should be coordinated with fault relays, as 
shown in Figure 21-9. If the coordinating margins are nar- 
row, or if feeders or transformers frequently operate at 
near-capacity, relays may be supervised to limit shedding to 
situations where not all apparatus is in service. Figure 
21-10a shows two transformers with 51 overload-detecting 
(CO-6) relays designed to shed low-priority plant loads. 
Each tripping circuit is supervised by auxiliary contacts on 
the breakers associated with the other transformer; load can 
be shed only when one transformer is out of service and the 
other is overloaded. For example, if breaker 5 is open 
and/or if both breakers 2 and 3 are simultaneously open, 
then transformer B is not in service, and the overload relay 
on A is permitted to shed load. 


Figure 21-10b shows overload protection for two feeders 
where, again, load is only to be shed when one is lost. Aux- 
iliary contacts from remote breakers are not available, so 
low-current detectors establish whether a feeder is in or out 
of service. The contact interconnection of Figure 21-10b 
permits shedding if one low-current detector resets (feeder 
out of service) at the same time that the other is picked up 
(feeder in service), and if the live feeder is overloaded. 


VII. RESTORING SERVICE 


In general, the reclosing of feeders that have been tripped 
for load-shedding is left to the discretion of system or sta- 
tion operators. Frequency relays can be used, however, 
either to supervise restoration or to restore loads auto- 
matically. 


The following considerations apply to any restoration of 
service, whether manual or automatic: 


a. Frequency should be allowed to return to normal before 
any load is restored. Reclosing feeders when the fre- 
quency is still recovering may plunge the system back 
into crisis and will certainly prevent reunification of is- 
lands. Resetting of load-shedding frequency relays cannot 
be used for the supervision of restoration. 


b. Once the frequency has returned to normal, all service- 
able interconnections must be allowed to resynchronize 
and reclose. Unifying an islanded system as much as 
possible generally facilitates service restoration. 


c. Load should be restored in very small blocks. Recon- 
necting an entire shedding-step load at once, even at nor- 
mal system frequency, can cause an overload. Not only 
may its size exceed spinning reserve, but high currents 
resulting from cold load pickup can temporarily cause a 
severe overload. Reconnecting small blocks of load will 
cause only smail frequency dips, which can be handled 
by the governors. 


More smail blocks may be reconnected until most or all 
of spinning reserve is active. At this point, no further 
load should be added until additional generating capacity 
is available. Restoring excessive load may cause the fre- 
quency to settle below normal system frequency, making 
further reclosing of interconnections impossible. 


d. If a significant loss of generation occurs in a concen- 
trated area of the system, transmission lines into that 
area may be heavily loaded just to supply essential loads. 
In this case, the imbalance should not be increased by 
restoring expendable loads. 


If overfrequency relays are used for automatic restoration, 
as they sometimes are at unattended installations, they 
should have a frequency setting of the normal system fre- 
quency. The load should be restored in blocks of 1 to 2 
percent of system load, and restoration should be sequenced 
by time delay. After the initial system recovery to normal 
system frequency, there should be a delay of 30 seconds to 
several minutes, implemented automatically with a timer or 
manually via supervisory control. This delay allows for re- 


synchronizing of islands, reclosing of interconnections, and 
starting of peaking generators when available. The first 


block of load may then be restored; the frequency will dip 
and return to the normal system frequency. The next block 
should also incorporate several seconds delay to permit fre- 
quency stabilization. 


Each successive block should use a slightly longer time de- 
lay than the previous one. Thus, the second-block relays 
will time out before the third, and will reclose next. The 
frequency will dip again; the third- and successive-block fre- 
quency relays will reset. The frequency will restabilize at 
the normal system frequency, and the third block will time 
out and reclose. This process will continue until all blocks 
are restored or spinning reserve is used up. 


When restoring cold loads, it may be necessary to temporar- 
ily disable the instantaneous overcurrent fault protection to 
prevent the initial current surge from retripping the feeder. 


Restoring load for the example used in Section VI, C and D, 
can be described as follows. Assume 10 percent of genera- 
tion is lost, causing an 11 percent overload. The first-step 
relays shed a block equal to 12 percent of system load. The 
block shed consists of groups of distribution feeders located 
at six different unattended substations, each equipped with 
an underfrequency relay. A second set of six static- 
frequency relays, used in the overfrequency mode, auto- 
matically restores service. All relays are set at the normal 
system frequency and reclose feeders, one substation at a 
time, using external timers for sequencing and delay. The 
initial delay is 45 seconds after frequency returns to nor- 
mal; subsequent delays are as follows: 


Substation No. External Delay (Sec.) 
10 
12 
14 
16 
18 
6 20 


Figure 21-11 shows the behavior of frequency over time for 
this shedding and restoration action. 
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IX. OTHER FREQUENCY RELAY APPLICATIONS 


a. Overfrequency relays, usually of the induction-disc type, 
are often applied to generators. These relays protect 
against overspeed during startup or when the unit is sud- 
denly separated from the system with little or no load. 
Relay contacts either sound an alarm or remove power 
input to the turbine. 


b. Underfrequency relays, with long external time delays, 
may also be connected to generating units to protect 
against turbine blade damage resulting from prolonged 
full-load underspeed operation. If the overload exceeds 
the capability of the load-shedding scheme, these gener- 
ator relays will isolate the unit (with some load, if possi- 
ble) to keep it in operation and to avoid blade fatigue. 
When load is small or absent and vibration is minimal, a 
supervisory overcurrent relay or a manual switch can be 
used to prevent tripping during startup. 


c. Underfrequency relays can also be used to sense disturb- 
ances and intentionally split systems by opening ties. 
System splitting is not usually a recommended way of 
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Figure 21-11: Behavior of Frequency During Automatic Load Shedding and Restoration. (Example for a 60 Hz System) 
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alleviating overloads, but it can be useful, especially on 
interconnections between adjacent systems. 


Neighboring utilities should agree to uniform load- 
shedding programs, otherwise the utility which sheds the 
most load may find itself relieving overloads for disturb- 


ances on other systems. In such cases, the shedding utility 
could use underfrequency relays to trip the interconnec- 
tions (possibly in conjunction with reverse power relays). 
This scheme would eliminate the possibility of a utility ag- 
gravating its own loading problems by adding those of a 
neighboring utility without adequate load-shedding. 


Chapter 22 


Testing and Maintenance of 
Protective Relays 


Author: L.J. Schulze 


I. INTRODUCTION 


Various classes of tests can be made on protective relays 
each with varying degrees of complexity and results. It is 
most important that all tests be geared to the objectives 
which they are intended to meet and that they be stream- 
lined within these objectives. The keynote is minimum test- 
ing for maximum performance. The actual operating time 
of protective relays is extremely small over a long life on 
the power system. Thus, the natural question arises, ‘‘Will 
the relay or relay system operate properly if an intolerable 
situation such as a fault occurs?” In cases having no recent 
operation experience, the answer is to test. Relay testing 
tends to relieve this concern more than to check the actual 
wear, etc. Yet any testing has the potential liability of add- 
ing more trouble than that corrected (if any). Thus over- 
testing is to be avoided. 


Il. TEST INTERVALS 


There appears to have been a general tendency toward over- 
testing of protective relays. This is justified on the basis of 
their importance in the power system and the serious con- 
sequences of mis-operation or failure to operate. While 

this importance is a fact, it has been interesting to observe 
that the relay performance records of power systems vary 
very little while the amount of testing varies widely. 


To avoid over-testing, two areas need constant vigilance. 
The first includes tests which are added to take care of tem- 
porary or local problems. These are very easy to add toa 
test procedure but difficult to remove later when the origi- 
nal problem no longer exists and time has obscured the ob- 
jectives. A test log where the reasons and objectives of each 
test are briefly summarized is helpful in controlling this. 
Intermittent problems are a prime area and cause for over- 
testing and may also be the cause of other problems in- 
duced especially on solid state relays. 


The other area is the increased tendency to lose test per- 
spective as the test group is separated from the application 


and operation groups. Such separation becomes necessary 
as the power systems expand, but it has the potential dan- 
gers of the test personnel becoming unfamiliar with the ap- 
plication of the relays and apply tests for conditions for 
which the relays will never be called upon to operate. Ap- 
plication groups also may lose test perspective of the test 
groups and specify excessive or unnecessary testing. 


With rising costs and manpower shortages, the area of test- 
ing, particularly maintenance testing is being studied by 
many utilities. A number of users indicate that less fre- 
quent testing has resulted in an improvement in the operat- 
ing record. The reduction in errors caused by employe 
carelessness are inherently reduced by less frequent mainte- 
nance. The studies show that the two prime causes of 
troubles, equipment defects and employe carelessness, are 
both decreasing, and in such a manner that employe care- 
lessness is now showing up as the cause of a much larger 
percentage of troubles. Several companies who previously 
used maintenance intervals of 6 months have extended 
these now to two years and are considering a further exten- 
sion to two and one-half years. There is a trend toward 
longer intervals between maintenance, 


Ill. TEST CONCEPTS 


The main concept of testing relays is to apply the same 
voltages and currents at the proper phase angles to the re- 
lay which would be applied during normal relay operating 
conditions. These conditions not only includes faults 
within the relay zone of operation but also those outside 
the zone of operation and under non-fault or normal sys- 
tem conditions. The accuracy of the test quantities directly 
determines the accuracy of the test results obtained. Ac- 
curate meter readings should be continuously made and ad- 
justed if needed. Items such as meter reading accuracy, 
lead length, wave distortion from the test equipment, in- 
strument calibration, etc. will all affect the test results and 
should be taken into consideration when analyzing the test 
results. 


IV. TEST OBJECTIVES 


The objectives of protective relay testing suggest four 
classes of tests: 


1. Acceptance Tests 
a. New products first time applied 


b. Tests on each product received 
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2. Installation Tests 
3. Maintenance or Functional Tests 


4. Repair Tests 


Acceptance Tests 


Acceptance tests are done once and generally in the labora- 
tory. These are separated into the two types. (a) new 
products which have not been previously used; extensive 
testing on a sample may be desired to gain experience and 
knowledge and/or additional technical information. The 
second type test (b) on each product received from the 
manufacturer should be streamlined to a minimum including 
only the important practical check points to assure that the 
product is what the manufacturer specifies. 


Installation Tests 


Installation tests are field tests to determine that the instal- 
lation will perform correctly in actual service. These are 
not normally repeated on any given installation unless an 
incorrect operation has occurred. Most frequently they are 
performed by simulated tests with the secondary circuits 
energized from a portable test source. Other methods in- 
clude (1) simulated tests using primary load current and 
voltage (2) operating tests with the primary energized at a 
reduced voltage, and (3) staged fault tests. 


Staged fault tests are actual faults applied to the power sys- 
tem to verify the relay operations. Usually several types of 
faults, both internal and external, are applied. While this is 
the best method, the cost and potential hazards are high. 
Therefore, staged fault tests are limited to very important 
and/or new relay installations to the power system. 


Maintenance or Functional Tests 


Maintenance or functional testing is generally done in the 
field at regular intervals. These intervals vary among users 
depending on (1) past experience (2) type of protective re- 
lays employed, (3) voltage class of the power system, (4) 
importance of equipment being protected and (5) support- 
ing systems, among others. A large majority of users per- 
form maintenance or functional testing at least once a year. 
However there is a trend toward longer intervals. 


Relay maintenance generally consists of: 


1. Inspection and burnishing of contacts (electromechani- 
cal relays). 


2. General inspection (foreign matter removed, screws 
checked for tightness, printed circuit boards properly 
inserted, covers cleaned, etc.). 


3. Adjustments checked. 


4. Breakers tripped by manual contact closing or in the 
case of solid state relay systems electrically by the use 
of the functional test unit. 


5. “As left” conditions recorded (quite a few also record 
“as found” conditions). 


Repair Tests 


Repair testing as the name implies involves re-calibration 
after major repairs have been made. Such tests are usually 
made in the laboratory. Many minor repairs frequently are 
done during maintenance tests and need not involve com- 
plete re-calibration tests. This is often the case with solid 
state relays. After a component is changed, a test need 
only be performed to indicate the circuit is operational 
and that the new component has not affected the relay’s 
performance. 


Vv. ACCESSORIES FOR TESTING 


One of the most important tools in installation or in the 
event of trouble is the automatic oscillograph. Several of 
these, judiciously placed around the system, are invaluable 
in times of trouble and may save many manhours of con- 
jecture. The desire is to obtain a record of conditions 
which will indicate the source of trouble. However they 
can be equally valuable in indicating what the trouble was 
not. 


Test switches are normally supplied with the relay panels. 
These test switches are a convenient access to the voltages 
and currents seen by the relays. Care should be used when 
checking the currents so as not to open the current circuit. 
An inservice current plug is available for this use. Con- 
nected to an ammeter the plug is inserted into the test 
switch. The test switches also provide a convenient loca- 
tion to open the trip circuits and potential circuits. They 
also allow test personnel to short out and isolate the cur- 


rent circuits from the relay panel for separate source test- 
ing. When testing on line, it is important to take out only 
one relay or relay system at a time, leaving the other 

backup relay or relay system intact in the event of a fault. 


Caution must be taken when using separate source test 
quantities. The test plug must be inserted into the test 
switch insuring isolation from the power system before any 
equipment is connected to the test plug. Ungrounded test 
supplies should be used to prevent accidently introducing a 
ground on the secondary circuits which could cause a false 
trip. At all times when testing relays on an energized power 
system all safety precautions for both personnel and equip- 
ment must be observed. 


Functional test units are normally supplied with solid state 
relay systems. These test units are often “chard wired” into 
the relay system. A trip cutout switch is used to open the 
trip circuits and initiate a trip light for indication. Tests 
can be done with or without the trip activated. 


The test units are normally of the “‘go-no-go” type. A for- 
ward fault within the reach of the relays can be simulated 
during which time all forward looking relays should oper- 
ate. A reverse fault can also be simulated during which 
time only the reverse looking relays should only operate. 
Both single station and station-to-station tests can be per- 
formed. The functional test units also can be used during 
installation of the relay system to assure that the correct 
connections were made to the power system. The test units 
are not designed for acceptance or calibration testing. They 
are intended to provide an indication that the relay system 
operates properly. The test units are also useful tools when 
trouble shooting and doing maintenance testing. 


Some manufacturers offer a variety of portable test sets 
varying in function and capability. Portable functional test 


sets are available for use with some solid state relay systems. 


Such test sets plug into the relay system by means of test 
switches and are able to simulate not only forward or re- 
verse faults but also the type of faults (phase or ground) 
and the phases involved in the simulated fault. These test 
sets allow the tester to locate the fault within the reach of 
the relay or beyond. 


VI. TYPICAL RELAY TESTS 


The following summarizes the typical protective relay test 
procedure which might be followed by an electric utility or 
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industrial user. Variations from this composite summary in 
actual practice will be the rule rather than the exception. 


Information Used - Relay and test equipment manufac- 
turers’ bulletins, or the user’s own test procedures based on 
their experiences and requirements. 


Analysis of Relay Performance - Past records of relay per- 
formances are analyzed, (both correct and incorrect). Rec- 
ords from automatic oscillographs are also used. 


Test Equipment Used - The test equipment required to test 
relays is directly dependent on the types of relays to be 
tested. The relay manufacturers’ bulletins and the test 
equipment bulletins should be consulted prior to testing. 
Wave distortion must be taken into consideration when an- 
alyzing test results as mentioned earlier. Portable test in- 
struments and equipment are available and should be con- 
sidered. 


Test Methods Used - Secondary tests only are normally 
made. Thorough periodic tests per the manufacturers’ rec- 
ommendations are made. The circuit or relay equipment is 
separated from the power system at the time of testing un- 
less the tripping circuit is also to be checked. 


Test Interval - Nominally one year with a trend to longer 
intervals, as previously discussed. 


Tests of Overcurrent Relays - Tested at several points on the 
time curve with intervals between testing for cooling. 


Minimum operating currents are obtained and instantaneous 
units are checked for pickup current. 


Tests of Directional Overcurrent Relays - The overcurrent 
units are checked in a similar manner to that of an over- 
current relay with the directional unit blocked closed. Care 
should be taken to remove the blocking from the directional 
element prior to placing the relay back into service. Cor- 
rect operations of the directional units are verified by sim- 
ulating fault currents and voltages. Minimum operating 
currents at normal voltages are checked. 


Tests of Differential Relays - Minimum operating values are 
checked. Operating and differential currents under load are 
checked. A majority of users trip all circuit breakers from 
the relays as a regular procedure. 
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Tests of Distance Relays - The distance characteristic is 
checked at or near both the fault and load angles. All op- 
erating sequences tried. 


Tests of Pilot Wire Schemes - Circuits are tested for conti- 
nuity, shorts, and grounds in the pilot wires. Operating 
values are checked. Additional tests of the sequence filter 
and the operating unit should be performed if the relays do 
not meet acceptance tests. Supervisory and alarm relays 
are checked for correct calibration. 


Tests of Synchro-Check and Reclosing Relays - Timing and 
synchronizing characteristics are checked along with all re- 
closing sequences. 


Tests of Plunger and Hinged Armature Relays - Operating 
values are checked by gradually increasing or decreasing the 
operating current or voltage. 


Tests of Associated Current Transformers - Tested only on 
installation. Ratio checked with ammeter. 


Tests of Frequency Relays - The trip frequency and time de- 
lay are checked. The interfacing relays as well as the total 
trip circuits are checked. 


Tests of Associated Potential Transformers and Capacitive 
Potential Devices - Tested only on installation. Ratio 
checked by comparing secondary voltages when energized 
to other units on the bus. 


Tests of Thermal Relays - Generally tested only at time of 
installation. 


Tests of Solid State Relays - The same basic tests are per- 
formed as with electromechanical relays. Voltage or thy- 
ristor outputs are checked rather than contact closures. 


Tests of Communications Equipment - All transmitting and 
receiving levels and frequencies are checked. Normally 
checked as a system to include all interfacing equipment. 


Vil. TYPICAL RELAY TEST EQUIPMENT - Relay test 
equipment varies with the type of relays to be tested. Test 
equipment is also required for communication equipment. 
Equipment also varies depending on where the majority of 
testing is done - in the test lab or at the relay location. The 
basic equipment that should be available for the majority of 
testing in the lab and/or in the field is shown in the follow- 


ing list. Test equipment requirements, like relays, varies 
from user to user. Requirements should be based on needs. 


*Use 


Item Quant. Description 


1 E-S 2 Variable autotransformer, 120 
volts, 5 amperes continuous rat- 


ing. 


Variable autotransformer, 120 
volts, 15-20 amperes continuous 
rating. 

3. E-S-C 1 Type ac Voltmeter, rectifier 
type, 5000 ohms per volt, 3-15- 
150 volts. 


dc Ammeter, 0-5-20-50 amperes. 


ac Ammeter, 0-5 amperes. 


ac Ammeter, 0-2-5-10-20-50-100- 
200 amperes. 


Phase angle meter, 5-10-30 am- 
peres, 15-30-50-120-240-480 
volts. 


Auxiliary current transformer, 
1-5-10-25-50-62.5-125-250-500/5 
amperes. 


Electric timer or cycle counter, 
0-10 seconds, 120 volts. 

10 ~=E-S 1 Phase shifter, three-phase, 500 
watts. 

11 E-S 3 Non-inductive load resistor made 
up of eight to ten parallel resistors 
capable of handling a maximum of 
100 amperes load continuous. Re- 
sistors should be capable of sup- 
plying continuous 0-100 ampere 
loads. A fine adjustment is essen- 
tial. 

12 E-S 1 Three-phase sequence indicator, 
120-240-480 volts. 


Item 


13 


14 


15 


16 


17 


18 
19 


20 


21 


22 


23 


24 


25 


26 


27 


*Use 


E-S 


S-C 


E-S-C 


E-S-C 


E-S 


E-S-C 


E-S-C 


E-S-C 


E-S-C 


$-C 


Quant. 


Description 


1(3) Auxiliary relay, 2 make, 2 break, 


electrically operated and elec- 
trically or hand reset, 48 volts, dc, 
and/or 125 volts dc and/or 250 
volts dc each. 


Dual trace oscillograph with ex- 


ternal triggering. It may be de- 
sirable to have a storage function. 


dc voltmeter, 0-3-7.5-30-75-150- 
300 volts. 


Frequency generator. 


Volt-ohm-meter (VOM) multi- 
function. 


Frequency counter. 
Frequency selective voltmeter. 


Radio-frequency (R-F) directional 
wattmeter. 


Power amplifier capable of ampli- 
fying up to and including audio 
level without major distortion. 


ac source, three phase, 120 volts, 
50 amperes capability per phase. 


dc power supply, 48-125-250 
volts, 20 watts burden capability 
minimum. 


Assorted test leads in various 
lengths. 


Relay tool kit. 


Assorted test plugs available from 
the relay manufacturer. 


Printed circuit board extenders for 
each size board in the relays to be 
tested. 
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Item *Use Quant. Description 
28 ~=E-S-C 2 Portable test units, a minimum of 


two should be available for pilot 
systems. These are available from 
the relay manufacturer. 


*Use is indicated for basic types of equipment to be tested. 
E = Electromechanical relays 
S = Solid state relays 


C = Communication equipment 


The above list is for general testing, minor repair, and 
recalibration tests. The extent of these tests will also 
determine the type of test equipment required. The relay 
manufacturer’s bulletins should also be consulted for the 
recommended test equipment for each particular relay used. 
Ratings and ranges will vary from manufacturer to manu- 
facturer. The above is a general guide only. 


VII. TEST CIRCUITS 


When only one quantity is required to operate the relay, 
the test circuits are straightforward and there are very few 
problems. However, with two or more variable ac quanti- 
ties, more complexity results, particularly when the phase 
angle between the quantities must be controlled. Two of 
these typical test circuits are shown in Figures 22-1 and 
22-2. For more information and recommended test circuits 


for each relay the manufacturer’s bulletins should be con- 
sulted. 


A variety of phase relations can be obtained from three 
phase and single phase sources. By combinations of a 
with V5 or Vous test sources with phase relations every 30° 
over 360° range can be obtained. See Figure 22-3. 


Shorting and opening current and voltage transformer will 
provide quantities somewhat typical of power system 
faults. These can be used for checking the operation of 
ground and sequence type relays. These should be applied 
carefully and with caution to avoid errors and false conclu- 
sions. As a guide, the phasor relations are given for a num- 
ber of combinations in Figures 22-4, 22-5, 22-6. 
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3G Supply —™ a bc 


Phase Angle Meter 


Variable Auto-transformer 230 Volts 
Use on 115 Volt Tap to Reduce Exciting 


Current and Wave Form Error 


Figure 22-1: Test Circuits for Determining The Phase Angle Curve 
of a Relay Operating on a Current and a Voltage. 


Variable Auto-transformer 18-20 Amps 


Continuous to Obtain Large Short Time Currents 3G Supply 


Varible Voitage 
Vmn and Ip 


Figure 22-2: Test Circuits for Determining The Phase Angle Curve 
of a Relay Operating on Two Currents. 


c ie) 4 


Three Phase Source Single Phase Source 


Vab 


Figure 22-3: Phasors for Obtaining Various Phase Relations for 
Testing Relays Without a Phase Shifter Utilizing 
Combinations of a Three Phase and a Single Phase 
Source. 


All test conditions are for unity power factor load current 
where the phase rotation is a, b,c. The normal conditions 
are shown in Figure 22-4. 


Figure 22-4: Phasors for The Normal Balanced, Unity Power 
Factor Load. 


Where the phase rotation is a, c, b, the connections and 
phasor diagrams can be used by interchanging every refer- 
ence to phases b and c. All phase b’s become phase c and 
all phase c’s become phase b. 


When a neutral connection is required for testing a relay, 
such as a ground distance relay, and only a delta source is 
available, the circuit in Figure 22-7 can be used. Resistors 
should be 100 ohms, 50 watts each. The resistors are con- 
nected phase to neutral, which then must be solidly tied to 
ground. This then provides a grounded wye connection for 
testing the relay from a delta source. This test connection 
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Relay Side. 


Figure 22-5: Current Phasors for Various Simulated Tests With 
Load Current. (The Normal Balanced Conditions are 
Shown in Figure 22-4). 


should only be used as a last resort and not as a normal test 
connection. 


IX. TESTING VOLTAGE POLARIZED GROUND 
RELAYS WITH LOAD CURRENT 


‘ _ 2 
Reference ‘ Vor (\ytaV, +0 Ve) 


I 
“s 
Voltage polarized ground relays can be very conveniently Vat (Vg +a“Vp+aVp) 
checked for correct connections with ordinary load cur- ; ' ; 
Figure 22-6: Voltage Phasors for Various Simulated Tests With 


rents flowing in the power system. This is done by open- Load Current. (The Normal Balanced Conditions are 
ing and shorting various current and voltage transformers Showinaninigure eee 


to simulate an artificial ground fault condition. Consider- ee 7 
; . : analysis given. This method cannot be used for current 
able care must be exercised as the simulated Operating . ; . 
ae ; polarized ground relays as there is no way to establish cur- 
quantities are not the same as those provided by actual . at 
rent in the power bank neutral utilizing balanced system 


faults. The techniques and methods of analysis are devel- aa 
oad. 


oped in Figures 22-9 and 22-10, which show two possible 

tests. The normal conditions, system fault conditions, and . 
connections for the ground relay to be tested are shown in However, a paper check should be made at the time of ap- 
Figure 22-8. Figures 22-9 and 22-10 provide checks to de- 


termine that the connections in Figure 22-8 are correct. 


plication to insure proper connections are made. This may 
be accomplished by: 


Other simulated current faults can be made following the 1. Assuming a phase to ground fault on the protected line. 
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2. Assuming current flow up the bank neutral or up the —» Tripping Direction 


neutral of the voltage transformers or devices, and, 
thence, to the fault. 


on 
Voltage Transformer ~ Line 
c 


3. Tracing current through to the relay coils. 


ea. 
cl 


Auxiliary Star Broken Deita 
Voltage Transformer 


4. If currents are both in polarity or both in non-polarity 


the directional unit contact will close. 


Assume a Line to Ground 
Fault on Phase a" Occurs 
Out on The Line Then The 
Phasors Distort to 


Vg Ig 
IpeIg20 


Ve Vb 


Figure 22-7: A Means of Obtaining Three Phase, Four Wire Test 
Quantities From a Delta Source. 


Unity Power Factor Load Flowing 
Away From Bus into Line 
(In Tripping Direction) 


Wx (Polarity to Non- Polarity) Closing Vyx 
Ig (Polarity to Non-Polarity) Zone L 
‘a 
Closing Zone 
: Zero Torque 
Zero Torque Line Masini ine 
Maximum Torque Line Torque Line 
a) For Ground Relays Where b) For “WATT” Type 
Maximum Torque Occurs When Ground Relays 


Current Lags Voltage 60° 


Figure 22-8: Normal and System Fault Connections and Phasors 
for a Voltage Polarized Ground Relay. 
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a) For 60° Ground Relays 
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b) For “WATT” Ground Relays 


Phasors for Unity Power 
Factor Load in Tripping 
Direction With.“a” C.T. Open 
and “a” V.T. Open as Shown 


Note: 

Relay Torque in Opening 
Direction to Indicate 
Correct Connections. 
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—» Tripping Direction 


Line 
Cc 


Open 


Zero Torque Line 


Maximum 
Torque Line 


a) For 60° Ground Relays 


Zero Torque Line 


Closing Zone 


Tptly Maximum 


Torque Line 


Vo Vb 


yx 
Intl, 
Ty 


Phasors for Unity Power 
Factor Load in Tripping 
Direction With “a” C.T. Open 
and “b” V.T. Open as Shown. 


Note: 
Relay Torque in Opening 


Figure 22-9: Simulated Ground Fault Test for Voltage Polarized 
Ground Relay by Opening and Shorting Phase “a” 
Current and Voltage Transformers. 


Direction to Indicate 


b) For “WATT” Ground Relays Correct Connections. 


Figure 22-10: Simulated Ground Fault Test for Voltage Polarized 
Ground Relay by Opening and Shorting Phase “a” 
Current and Phase “b” Voltage Transformers. 


Appendix I 


Formulas Commonly Used In 
Relaying 


PER UNIT SYSTEM 
Definitions 
(kVA) base = Base kVA (3 phase) in kilovolt amperes 


(kV) nase = Base kV (line to line) in kilovolts 


Ibase = Base Current in amperes 
Zpase = Base Impedance in ohms 
Zou = Per Unit Impedance 
ZoQ = Impedance in Ohms 


Basic Formulas 


(KVA) base 
I => 
base V3 OV) hase 


1000 (KV) jase 1000 (kV)} a6 
Aipace SS ohms ae ee ee 
v3 Ibase (KVA) base 


amperes (1) 


2, 
{KV)éase 
———— ohms (2) 
(MVA) base 
ZQ 20 (KVA) base Zo (MVA) base 
Zou = = 3 = 2 (3) 
base 1000 (KV) base KV)iase 
Conversely and translating per unit to percent (%Z = 
1002.) 
LOKV)E age X %Z 
72 = OV yae 7 
( Yoase 


CONVERSIONS 


Converting Z 1 to New Voltage Base: 


Pp 


2 
{KV)base 1 
= (Zw base 1 (5) 


(Z 5 
(KV) base 2 


pu base 2 


App. I-1 


Used only where the voltage bases of the per unit values 
are different, remembering that where transformer banks 
are involved, the per unit impedance is the same referred 
to either winding as long as the base voltages on either 
side of the bank are proportional to turns. 


Converting Zou to New kVA Base: 


(kVA) base 2 


(Z,,,,) =(Z,) Toa (6) 
pu’base 2 pu/’base | (KVA)p ase 1 


OTHER FORMULAS 


Converting Impedance to New Voltage Base: 


2 
(KV) base 2 
(Zpase 2 = (20)base 1 2 7) 
(KV) base 1 


Converting to Z sec: 


R, 

2500 = Zrelay = Apri, ohms (8) 
where the relay receives star current and star voltage, delta 
current and delta voltage, or when specified. An example is 
the KD-4, KD-10 type relays which use equation 8 to ob- 
tain secondary ohms although they are connected using star 
currents and delta voltages. 


R 
C 
Zeetay = V3 Zseg = V3 ogi te (8A) 
where the relay receives star current and delta voltage 
where R, = current transformer ratio (wye connected) 


Ry = voltage transformer ratio 


Vori (Both line to line or both line 


to neutral) 
Vsec 


Determining Burden Impedance (Z): 


2 
_(VA)_(V) 
Z= 2 = VA ohms (9) 
where VA = volt-ampere burden at specified V or I in 


volt amperes 


App. I-2 


V_ =voltage at which burden is specified in 
volts 


I =current at which burden is specified in 
amperes, 


Determining New Short Time Relay Coil Rating 


(Approximate - do not use continuous rating): 


7 ty 
I,= : (10) 
2 
where I, = thermal rating for t, time in amperes 
where I, = thermal rating for t, time in amperes 


Converting kVA to Amperes (I): 


kVA 
ay ened 11 
I TV amperes (11) 


where kVA = 3 phase power in kilovolt amperes 


kV =rated voltage in kilovolts 


Determining Load Ohms Seen by Distance Relay: 


7. = 1oo0tky)? | Re 3 
load” “kVA RY a2) 


where R ¢ = current transformer ratio (wye connected) 


Ry = voltage transformer ratio 


Determining the Voltage Across the Distance Relay for a 
Solid Phase Fault at the Relay Balance Point: 


2Zppl 
Vep= eee for a phase-to-phase fault (13a) 
BP Ry 
V3 Zpp I 
= BE Se for a three-phase fault (13b) 
Vv 


where 


Zpp = primary line to neutral impedance from 
potential transformer connection to re- 
lay balance point 


I = primary fault current for a phase-to-phase 


fault 


Vep = secondary line to line voltage across relay 


I3 o = primary fault current for a three-phase 
fault 


Ry = voltage transformer ratio 


Determining Distance Relay Apparent Impedance, ZR, Due 
to Infeed Current (minus sign for outfeed) 


>| 2p 


I 
ZR = Lataat + ip Zp relay ohms (14) 
where In = infeed current in amperes 
Ip = current in relaying current trans- 
formers (referred to same base as Ip) 
in amperes 
Z,->tual = actual impedance from relay location 


to fault - relay ohms 


Zp = that portion of the impedance between 
relay and fault through which Ip is 
flowing - relay ohms 


per unit values may be used in equation 14. 


REVIEW OF COMPLEX NUMBERS 


y 


a= abscissa =c Cos@ Cartesian Coordinates 
b=ordinate=cSin@ §@ measured counter-clockwise 
is positive 


The specification of point p can be made in various forms as 


follows: 
Rectan- Expo- 
gular Complex nential Polar Phasor 


at jb=c(Cos@ +jSin@)= ce ®=c| 9°= 


a- jb = c (Cos @ — jSin 0) = ce~? =c|-0°= 


is the real component 


¢ 


“a 
c 


(15) 
(16) 


=¢€=|cl| is the modulus or absolute value (magnitude) 
is the argument or amplitude (relative phase 


a 
b is the imaginary component 
c 
7] 


position) 
is a phasor 


o> a: 


is the conjugate of c 
Thus if ¢= a+ jb then C=a-jb 
The absolute value of the 


phasor ¢ or |c| = Va2 +b2 


a=1/2(¢+9 by adding (1) and (2) 
jb=1/2(¢-9 subtracting (1) and (2) 


(17) 


(18) 
(19) 


App. 1-3 


Multiplication Law: Absolute value of the product is the 
product of the absolute values of the components, and the 
argument is the sum of the component arguments. Thus: 


EI=ExI [8 +95 
or ET=Ee!% xlet2 = ET [91 -6, 


(20) 


(21) 


Division Law: This is the inverse of multiplication. Thus: 


Powers of Complex Numbers: 


(Te 1)? = 7 ¢ in? 
Thus: I? =]? ¢ 526 
.6 
n 2 Lanne fess 
or Viz JVie®= Vie ” 
Phasor Times its Conjugate: 


1T=Te ®Te Map? iO -%)_72 


(22) 


(23) 


(24) 


(25) 


Appendix I 


Electrical Power System Device 
Numbers and Functions 


The devices in switching equipment are referred to by 
numbers, with appropriate suffix letters when necessary, ac- 
cording to the functions they perform. 


These numbers are based on a system adopted as standard 
for automatic switchgear by IEEE, and incorporated in 
American Standard C37.2-1970. This system is used in 
connection diagrams, in instruction books, and in specifi- 


cations. 


Device 
Number 


Definition 
and Function 


Master Element is the initiating device, such as a 
control switch, voltage relay, float switch, etc., 
which serves either directly, or through such per- 
missive devices as protective and time-delay re- 
lays to place an equipment in or out of opera- 
tion. 


Time-delay starting, or closing relay is a device 
which functions to give a desired amount of time 
delay before or after any point of operation ina 
switching sequence or protective relay system, 
except as specifically provided by device func- 
tions 48, 62, and 79 described later. 


Checking or interlocking relay is a device which 
operates in response to the position of a number 
of other devices, (or to a number of predeter- 
mined conditions), in an equipment, to allow an 
operating sequence to proceed, to stop, or to pro- 
vide a check of the position of these devices or of 
these conditions for any purpose. 


Master contactor is a device, generally controlled 
by device No. 1 or equivalent, and the required 
permissive and protective devices, that serves to 
make and break the necessary control circuits to 
place an equipment into operation under the de- 
sired conditions and to take it out of Operation 
under other or abnormal conditions. 


Stopping device is a control device used primarily 
to shut down an equipment and hold it out of 
operation. [This device may be manually or elec- 
trically actuated, but excludes the function of 
electrical lockout (see device function 86) on ab- 
normal conditions. ] 


Device 
Number 


6 


10 


11 


12 


13 


14 


15 


16 


17 
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Definition 
and Function 


Starting circuit breaker is a device whose principal 
function is to connect a machine to its source of 
starting voltage. 


Anode circuit breaker is one used in the anode 
circuits of a power rectifier for the primary pur- 
pose of interrupting the rectifier circuit if an arc 
back should occur. 


Control power disconnecting device is a discon- 
nective device — such asa knife switch, circuit 
breaker or pullout fuse block, used for the pur- 
pose of connecting and disconnecting the source 
of control power to and from the control bus or 
equipment. 


Note: Control power is considered to include 
auxiliary power which supplies such apparatus as 
small motors and heaters. 


Reversing device is used for the purpose of revers- 
ing a machine field or for performing any other 
reversing functions. 


Unit sequence switch is used to change the se- 
quence in which units may be placed in and out 
of service in multiple-unit equipments. 


Reserved for future application. 


Over-speed device is usually a direct-connected 
speed switch which functions on machine over- 
speed. 


Synchronous-speed device, such as a centrifugal- 
speed switch, a slip-frequency relay, a voltage re- 
lay, an undercurrent relay or any type of device, 
operates at approximately synchronous speed of 
a machine. 


Under-speed device functions when the speed of 
a machine falls below a predetermined value. 


Speed or frequency, matching device functions to 
match and hold the speed or the frequency of a 
machine or of a system equal to, or approximately 
equal to, that of another machine, source or sys- 
tem. 


Reserved for future application. 


Shunting or discharge switch serves to open or to 
close a shunting circuit around any piece of ap- 
paratus (except a resistor), such as a machine 
field, a machine armature, a capacitor or a reactor. 
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Device 
Number 


18 


19 


20 


21 


22 


23 


24 


25 


Definition 
and Function 


Note: This excludes devices which perform such 
shunting operations as may be necessary in the 
process of starting a machine by devices 6 or 42, 
or their equivalent, and also excludes device 73 
function which serves for the switching of re- 
sistors. 


Accelerating or decelerating device is used to close 
or to cause the closing of circuits which are used 
to increase or to decrease the speed of a machine. 


Starting-to-running transition contactor is a de- 
vice which operates to initiate or cause the auto- 
matic transfer of a machine from the starting to 
the running power connection. 


Electrically operated valve is an electrically op- 
erated, controlled or monitored valve in a fluid 
line. 


Note: The function of the valve may be indi- 
cated by the use of the suffixes. 


Distance relay is a device which functions when 
the circuit admittance, impedance or reactance 
increases or decreases beyond predetermined 
limits, 


Equalizer circuit breaker is a breaker which 
serves to control or to make and break the 
equalizer or the current-balancing connections 
for a machine field, or for regulating equipment, 
in a multiple-unit installation. 


Temperature control device functions to raise or 
lower the temperature of a machine or other ap- 
paratus, or of any medium, when its temperature 
falls below, or rises above, a predetermined value. 


Note: An example is a thermostat which switches 
on a space heater in a switchgear assembly when 
the temperature falls to a desired value as dis- 
tinguished from a device which is used to provide 
automatic temperature regulation between close 
limits and would be designated as 90T. 


Reserved for future application. 


Synchronizing or synchronism-check device op- 
erates when two ac circuits are within the de- 
sired limits of frequency, phase angle or voltage, 
to permit or to cause the paralleling of these two 
circuits. 


Device 
Number 


26 


27 


28 


29 


30 


31 


32 


33 


34 


35 


Definition | 
and Function 


Apparatus thermal device functions when the 
temperature of the shunt field or the armortisseur 
winding of a machine, or that of a load limiting 
or load shifting resistor or of a liquid or other 
medium exceeds a predetermined value; or if the 
temperature of the protected apparatus, such asa 
power rectifier, or of any medium decreases be- 
low a predetermined value. 


Undervoltage relay is a device which functions on 
a given value of undervoltage. 


Flame detector is a device that monitors the pres- 
ence of the pilot or main flame in such apparatus 
as a gas turbine or a steam boiler. 


Isolating contactor is used expressly for discon- 
necting one circuit from another for the purposes 
of emergency operation, maintenance, or test. 


Annunciator relay is a nonautomatically reset de- 
vice that gives a number of separate visual indica- 
tions upon the functioning of protective devices, 
and which may also be arranged to perform a 
lockout function. 


Separate excitation device connects a circuit such 
as the shunt field of a synchronous converter, to 
a source of separate excitation during the starting 
sequence; or one which energizes the excitation 
and ignition circuits of a power rectifier. 


Directional power relay is one which functions on 
a desired value of power flow in a given direction, 
or upon reverse power resulting from arc back in 

the anode or cathode circuits of a power rectifier. 


Position switch makes or breaks contact when the 
main device or piece of apparatus, which has no 
device function number, reaches a given position. 


Master sequence device is a device such as a motor- 
operated multi-contact switch, or the equivalent, 
or a programming device, such as a computer, 

that establishes or determines the operating se- 
quence of the major devices in an equipment dur- 
ing starting and stopping or during other sequential 
switching operations. 


Brush-operating, or slip-ring-short-circuiting, de- 
vice is used for raising, lowering, or shifting the 
brushes of a machine, or for short-circuiting its 
slip rings, or for engaging or disengaging the con- 
tacts of a mechanical rectifier. 


Device 
Number 


36 


37 


38 


39 


40 


41 


42 


43 


44 


45 


Definition 
and Function 


Polarity or polarizing voltage device operates or 
permits the operation of another device on a pre- 
determined polarity only or verifies the presence 
of a polarizing voltage in an equipment. 


Undercurrent or underpower relay functions 
when the current or power flow decreases below 
a predetermined value. 


Bearing protective device functions on excessive 
bearing temperature, or on other abnormal me- 
chanical conditions, such as undue wear, which 
may eventually result in excessive bearing tem- 
perature. 


Mechanical condition monitor is a device that 
functions upon the occurrence of an abnormal 
mechanical condition (except that associated 
with bearings as covered under device function 
38), such as excessive vibration, eccentricity, ex- 
pansion, shock, tilting, or seal failure. 


Field relay functions on a given or abnormally 
low value or failure of machine field current, or 
on an excessive value of the reactive component 
of armature current in an ac machine indicating 
abnormally low field excitation. 


Field circuit breaker is a device which functions 
to apply, or to remove, the field excitation of a 
machine. 


Running circuit breaker is a device whose princi- 
pal function is to connect a machine to its source 
of running or operating voltage. This function 
may also be used for a device, such as a contactor, 
that is used in series with a circuit breaker or 
other fault protecting means, primarily for fre- 
quent opening and closing of the circuit. 


Manual transfer or selector device transfers the 
control circuits so as to modify the plan of oper- 
ation of the switching equipment or of some of 
the devices. 


Unit sequence starting relay is a device which 
functions to start the next available unit in a 
multiple-unit equipment on the failure or on the 
non-availability of the normally preceding unit. 


Atmospheric condition monitor is a device that 
functions upon the occurrence of an abnormal 
atmospheric condition, such as damaging fumes, 
explosive mixtures, smoke, or fire. 


Device 
Number 


46 


47 


48 


49 


50 


51 


52 


53 


54 


55 


56 


App. II -3 


Definition 
and Function 


Reverse-phase, or phase-balance, current relay is a 
relay which functions when the polyphase currents 
are of reverse-phase sequence, or when the poly- 
phase currents are unbalanced or contain negative 
phase-sequence components above a given amount. 


Phase-sequence voltage relay functions upon a 
predetermined value of polyphase voltage in the 
desired phase sequence. 


Incomplete sequence relay is a relay that generally 
returns the equipment to the normal, or off, posi- 
tion and locks it out if the normal starting, op- 
erating or stopping sequence is not properly com- 
pleted within a predetermined time. If the device 
is used for alarm purposes only, it should prefer- 
ably be designated as 48A (alarm). 


Machine, or transformer, thermal] relay is a relay 
that functions when the temperature of a machine 
armature, or other load carrying winding or ele- 
ment of a machine, or the temperature of a 
power rectifier or power transformer (including 

a power rectifier transformer) exceeds a predeter- 
mined value. 


Instantaneous overcurrent, or rate-of-rise relay is 
a relay that functions instantaneously on an ex- 
cessive value of current, or on an excessive rate of 
current rise, thus indicating a fault in the appa- 
ratus or circuit being protected. 


Ac time overcurrent relay is a relay with either a 
definite or inverse time characteristic that func- 
tions when the current in an ac circuit exceeds a 
predetermined value. 


Ac circuit breaker is a device that is used to close 
and interrupt an ac power circuit under normal 
conditions or to interrupt this circuit under fault 
or emergency conditions. 


Exciter or dc generator relay is a relay that forces 
the dc machine field excitation to build up during 
starting or which functions when the machine 
voltage has built up to a given value. 


Reserved for future application. 
Power factor relay is a relay that operates when 
the power factor in an ac circuit rises above or 


below a predetermined value. 


Field application relay is a relay that automatically 


controls the application of the field excitation to 
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Definition 
and Function 


an ac motor at some predetermined point in the 
slip cycle. 


Short-circuiting or grounding device is a primary 
circuit switching device that functions to short- 
circuit or to ground a circuit in response to auto- 
matic or manual means. 


Rectification failure relay is a device that func- 

tions if one or more anodes of a power rectifier 

fail to fire, or to detect an arc-back or on failure 
of a diode to conduct or block properly. 


Overvoltage relay is a relay that functions on a 
given value of overvoltage. 


Voltage or Current balance relay is a relay that 
operates on a given difference in voltage, or cur- 
rent input or output of two circuits. 


Reserved for future application. 


Time-delay stopping or opening relay is a time- 
delay relay that serves in conjunction with the 
device that initiates the shutdown, stopping, or 
opening operation in an automatic sequence. 


Pressure switch is a switch which operates on 
given values or on a given rate of change of pres- 
sure. 


Ground protective relay is a relay that functions 
on failure of the insulation of a machine, trans- 
former or of other apparatus to ground, or on 
flashover of a dc machine to ground. 


Note: This function is assigned only to a relay 
which detects the flow of current from the frame 
of a machine or enclosing case or structure of a 
piece of apparatus to ground,or detects a ground 
on a normally ungrounded winding or circuit. It is 


not applied to a device connected in the secondary 


circuit or secondary neutral of a current trans- 
former, or in the secondary neutral of current 
transformer, connected in the power circuit of a 
normally grounded system. 


Governor is the assembly of fluid, electrical, or 
mechanical control equipment used for regulating 
the flow of water, steam, or other medium to the 
prime mover for such purposes as starting, hold- 
ing speed or load, or stopping. 


Notching or jogging device functions to allow 
only a specified number of operations of a given 


Device 
Number 


67 


68 


69 


70 


71 


72 


74 


75 


Definition 
and Function 


device, or equipment, or a specified number of 
successive operations within a given time of each 
other. It also functions to energize a circuit 
periodically or for fractions of specified time in- 
tervals, or that is used to permit intermittent ac- 
celeration or jogging of a machine at low speeds 
for mechanical positioning. 


Ac directional overcurrent relay is a relay that 
functions on a desired value of ac overcurrent 
flowing in a predetermined direction. 


Blocking relay is a relay that initiates a pilot sig- 
nal for blocking of tripping on external faults in 
a transmission line or in other apparatus under 
predetermined conditions, or cooperates with 
other devices to block tripping or to block reclos- 
ing on an out-of-step condition or on power 
swings. 


Permissive control device is generally a two- 
position, manually operated switch that in one 
position permits the closing of a circuit breaker, 
or the placing of an equipment into operation, 
and in the other position prevents the circuit 
breaker or the equipment from being operated. 


Rheostat is a variable resistance device used in an 
electric circuit, which is electrically operated or 
has other electrical accessories, such as auxiliary, 
position, or limit switches. 


Level switch is a switch which operates on given 
values, or on a given rate of change, of level. 


De circuit breaker is used to close and interrupt a 
dc power circuit under normal conditions or to 
interrupt this circuit under fault or emergency 
conditions. 


Load-resistor contactor is used to shunt or insert 
a step of load limiting, shifting, or indicating re- 
sistance in a power circuit, or to switch a space 
heater in circuit, or to switch a light, or regen- 
erative load resistor of a power rectifier or other 
machine in and out of circuit. 


Alarm relay is a device other than an annunciator 
as covered under device No. 30, which is used to 
operate, or to operate in connection with, a 
visual or audible alarm. 


’ 


Position changing mechanism is a mechanism 
that is used for moving a main device from one 
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Definition 
and Function 


position to another in an equipment; as for ex- 
ample, shifting a removable circuit breaker unit 
to and from the connected, disconnected, and 
test positions. 


Dc overcurrent relay is a relay that functions 
when the current in a dc circuit exceeds a given 
value. 


Pulse transmitter is used to generate and trans- 
mit pulses over a telemetering or pilot-wire cir- 
cuit to the remote indicating or receiving device. 


Phase angle measuring, or out-of-step protective 
relay is a relay that functions at a predetermined 
phase angle between two voltages or between 
two currents or between voltage and current. 


Ac reclosing relay is a relay that controls the 
automatic reclosing and locking out of an ac cir- 
cuit interrupter. 


Flow Switch is a switch which operates on 
given values, or on a given rate of change, of 
flow. 


Frequency relay is a relay that functions on a 
predetermined value of frequency — either 
under or over or on normal system frequency — 
or rate of change of frequency. 


De reclosing relay is a relay that controls the 
automatic closing and reclosing of a dc circuit 
interrupter, generally in response to load circuit 
conditions. 


Automatic selective contro! or transfer relay is 
a relay that operates to select automatically be- 
tween certain sources or conditions in an equip- 
ment, or performs a transfer operation auto- 
matically. 


Operating mechanism is the complete electrical 
mechanism or servo-mechanism, including the 
operating motor, solenoids, position switches, 
etc., for a tap changer, induction regulator or 
any similar piece of apparatus which has no de- 
vice function number. 


Carrier or pilot-wire receiver relay is a relay that 
is operated or restrained by a signal used in con- 
nection with carrier-current or dc pilot-wire fault 
directional relaying. 
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Definition 
and Function 


Locking-out relay is an electrically operated, 
hand or electrically reset, relay that functions to 
shut down and hold an equipment out of service 
on the occurrence of abnormal conditions. 


Differential protective relay is a protective relay 
that functions on a percentage or phase angle or 
other quantitative difference of two currents or 
of some other electrical quantities. 


Auxiliary motor or motor generator is one used 
for operating auxiliary equipment such as pumps, 
blowers, exciters, rotating magnetic amplifiers, 
etc. 


Line switch is used as a disconnecting load- 
interrupter, or isolating switch in an ac or dc 
power circuit, when this device is electrically 
operated or has electrical accessories, such as an 
auxiliary switch, magnetic lock, etc. 


Regulating device functions to regulate a quantity, 
or quantities, such as voltage, current, power, 
speed, frequency, temperature, and load, at a 
certain value or between certain (generally close) 
limits for machines, tie lines or other apparatus. 


Voltage directional relay is a relay that operates 
when the voltage across an open circuit breaker 
or contactor exceeds a given value in a given di- 
rection. 


Voltage and power directional relay is a relay that 
permits or causes the connection of two circuits 
when the voltage difference between them ex- 
ceeds a given value in a predetermined direction 
and causes these two circuits to be disconnected 
from each other when the power flowing be- 
tween them exceeds a given value in the opposite 
direction. 


Field changing contactor functions to increase or 
decrease in one step the value of field excitation 
on a machine. 


Tripping or trip-free relay functions to trip a cir- 
cuit breaker, contactor, or equipment, or to per- 
mit immediate tripping by other devices; or to 
prevent immediate reclosure of a circuit inter- 
rupter, in case it should open automatically 
even though its closing circuit is maintained 
closed. 

Used only for specific applications on individual 
installations where none of the assigned num- 
bered functions from | to 94 is suitable. 
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Devices Performing More Than One Function 

If one device performs two relatively important functions 
in an equipment so that it is desirable to identify both of 
these functions, this may be done by using a double func- 
tion number and name such as: 


50/51 Instantaneous and Time Overcurrent Relay. 


Suffix Numbers 

If two or more devices with the same function number and 
suffix letter (if used) are present in the same equipment, 
they may be distinguished by numbered suffixes as for ex- 
ample, 52X-1 52X-2 and 52X-3, when necessary. 


Suffix Letters 

Suffix letters are used with device function numbers for 
various purposes. In order to prevent possible conflict 
each suffix letter should have only one meaning in an in- 
dividual equipment. All other words should use the ab- 
breviations as contained in ANSI Y1.1 latest revision, or 
should use some other distinctive abbreviation, or be 
written out in full each time they are used. The meaning 
of each single suffix letter, or combination of letters, 
should be clearly designated in the legend on the drawings 
or publications applying to the equipment. 


Lower case (small) suffix letters are used in practically all 
instances on electrical diagrams for the auxiliary, position, 
and limit switches. Capital letters are generally used for all 
other suffix letters. 


The letters should generally form part of the device func- 
tion designation, are usually written directly after the de- 
vice function number, as for example, 52CS, 71W, or 49D. 
When it is necessary to use two types of suffix letters in 
connection with one function number, it is often desirable 
for clarity to separate them by a slanted line or dash, as for 
example, 20D/CS or 20D — CS. 


The suffix letters which denote parts of the main device, 
and those which cannot or need not form part of the de- 
vice function designation, are generally written directly be- 
low the device function number on drawings, as for exam- 
ple, 


Auxiliary Devices 
Separate Auxiliary Devices 


x 

Y — Auxiliary relay® 

Z 

R — Raising relay 

L — Lowering relay 

O — Opening relay or contactor 
Cc — Closing relay or contactor 
CS  —Control switch 


CL — Auxiliary Relay, open (energized when main de- 
vice is in open position) 

OP -— Auxiliary Relay, Open (energized when main de- 
vice is in open position) 

U — “Up” position-switch relay 

D — “Down” position-switch relay 

PB — Push button 


@1n the control of a circuit breaker with so-called X-Y relay 
control scheme, the X relay is the device whose main contacts 
are used to energize the closing coil or the device which in some 
other manner, such as by the release of stored energy, causes the 
breaker to close. The contacts of the Y relay provide the anti- 
pump feature for the circuit breaker. 


Actuating Quantities 

These letters indicate the condition or electrical quantity 
to which the device responds, or the medium in which it 
is located, such as: 


A — Air, or Amperes or Alternating 
Cc — Current 

D — Direct or Discharge 

E — Electrolyte 

F — Frequency, or Flow or Fault 
H — Explosive 

J — Differential 

L — Level, or Liquid 

P — Power, or Pressure 

PF -— Power Factor 

Q — Oil 

S — Speed or Suction or Smoke 
T — Temperature 

Vv ~ Voltage, Volts, or Vacuum 


VAR — Reactive Power 
VB — Vibration 
W — Water, or Watts 


Main Devices 

These letters denote the location of the main device in the 
circuit, or the type of circuit in which the device is used 
or the type of circuit or apparatus with which it is associ- 
ated, when this is necessary, such as: 


A — Alarm or Auxiliary Power 

AN — Anode 

B — Battery, or Blower, or Bus 

BK — Brake 

BL — Block (Valve) 

BP — Bypass 

BT -— Bus Tie 

Cc — Capacitor, or Condenser, Compensator, or Carrier 
Current or Case or Compressor 


CA - Cathode 

CH  — Check (Valve) 

D — Discharge (Valve) 

E — Exciter 

F — Feeder, or Field, or Filament, or Filter, or Fan 


— Generator, or Ground@ 

— Heater, or Housing 

— Line or Logic 

— Motor, or Metering 

— Network, or Neutral@ 

— Pump or Phase Comparison 

— Reactor, or Rectifier, or Room 

— Synchronizing or Secondary or Strainer or Sump 
or Suction (Valve) 

— Transformer, or Thyratron 

TH — Transformer (high-voltage side) 
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TL  — Transformer (low-voltage side) 
T™T™ ~- Telemeter 
U — Unit 


@ Suffix “‘N” is generally used in preference to “G” for devices 
connected in the secondary neutral of current transformers, or 

in the secondary of a current transformer whose primary winding 
is located in the neutral of a machine or power transformer, ex- 
cept in the case of transmission line relaying, where the suffix 
“G” is more commonly used for those relays which operate on 
ground faults. 


Main Device Parts 
These letters denote parts of the main device, divided in 
the two following categories: 


1. All parts, except auxiliary contacts, position switches, 
limit switches, and torque limit switches. 


BK — Brake 

Cc — Coil, or Condenser, or Capacitor 

CC — Closing Coil 

HC — Holding Coil 

M -~ Operating Motor 

MF -— Fly-Ball Motor 

ML — Load-limit Motor 

MS — Speed adjusting, or Synchronizing, Motor 
S ~ Solenoid 


SI ~ Seal-in 
TC — Trip Coil 
Vv — Valve 


2. All auxiliary contacts and position and limit switches for 
such devices and equipment as circuit breakers, contactors, 
valves and rheostats and contacts of relays. These are des- 
ignated as follows: 


a — Contact that is open when the main device is in 
the standard reference position, commonly re- 
ferred to as the non-operated or deenergized posi- 
tion, and that closes when the device assumes the 
opposite position 


b — Contact that is closed when the main device is in 
the standard reference position, commonly re- 
ferred to as the non-operated or deenergized posi- 
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tion, and that opens when the device assumes the 


opposite position 


aa — Contact that is open when the operating mech- 
anism of the main device is in the non-operated 
position and that closes when the operating mech- 
anism assumes the opposite position 


bb  — Contact that is closed when the operating mech- 
anism of the main device is in the non-operated 
position and that opens when the operating mech- 
anism assumes the opposite position 


Standard reference positions of some typical devices are as 


follows: 


Device 


Power Circuit Breaker 
Disconnecting Switch 
Load-break Switch 
Valve 

Gate 

Clutch 

Turning Gear 

Power Electrodes 
Rheostat 


Adjusting Means® 
Relay@ 

Contactor® 

Relay (latched-in type) 
Contactor (latched-in type) 
Temperature Relay® 
Level Detector@ 

Flow Detector@ 

Speed Switch® 
Vibration Detector@ 
Pressure Switch@ 
Vacuum Switch@ 


Standard 
Reference Position 


Main Contacts Open 
Main Contacts Open 
Main Contacts Open 
Closed Position 
Closed Position 
Disengaged Position 
Disengaged Position 
Maximum Gap Position 
Maximum Resistance 
Position 
Low or Down Position 
Deenergized Position 
Deenergized Position 
See 2-9.7.2 (C37.2 - 1970) 
Main Contacts Open 
Lowest Temperature 
Lowest Level 
Lowest Flow 
Lowest Speed 
Minimum Vibration 
Lowest Pressure 
Lowest Pressure, i.e., 
Highest Vacuum 


Note: If several similar auxiliary switches are present on the same 
device, they should be designated numerically 1, 2,3, etc. when 


necessary. 


@ These may be speed, voltage, current, load, or similar adjusting 
devices comprising rheostats, springs, levers, or other components 
for the purpose. 

@These electrically operated devices are of the non-latched-in 
type, whose contact position is dependent only upon the degree of 
energization of the operating or restraining or holding coil or coils 
which may or may not be suitable for continuous energization. 
The deenergized position of the device is that with all coils deen- 
ergized. 

@The energizing influences for these devices are considered to be, 
respectively, rising temperature, rising level, increasing flow, rising 
speed, increasing vibration, and increasing pressure. 
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The simple designation ‘‘a” or “‘b” is used in all cases where 
there is no need to adjust the contacts to change position 
at any particular point in the travel of the main device or 
where the part of the travel where the contacts change po- 
sition is of no significance in the control or operating 
scheme. Hence the “a” and “b” designations usually are 
sufficient for circuit breaker auxiliary switches. 


Other Switches 

These letters cover all other distinguishing features or 
characteristics or conditions, which serve to describe the 
use of the device or its contacts in the equipment such as: 


— Accelerating, or Automatic 

~— Blocking, or Back-up 

— Close, or Cold 

— Decelerating, Detonate, or Down, or Disengaged 
~ Emergency or Engaged 

— Failure, or Forward 

— Hot, or High 

HR = — Hand Reset 

HS — High Speed 
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L ~ Left, or Local, or Low, or Lower, or Leading 

M — Manual 

OFF — Off 

ON -—On 

P — Polarizing 

R — Right, or Raise, or Reclosing, or Receiving, or 
Remote, or Reverse 

S — Sending, or Swing 

T — Test, or Trip, or Trailing 


TDC — Time-delay Closing 
TDO — Time-delay Opening 
U —Up 


Representation of Device Contacts on Electrical Diagrams 
On electrical diagrams the “b” contacts of all devices, in- 
cluding those of relays and those with suffix letters or 
percentage figures, should be shown as closed contacts, 
and all “a” contacts should be shown as open contacts. 


For those devices that have no de-energized or nonoperated 
position, such as manually-operated transfer or control 
switches (including those of the spring-return type) or auxil- 
iary position indicating contacts on the housings or enclo- 
sures of a removable circuit breaker unit, the preferred 
method of representing these contacts is as an “‘a” switch. 
Each contact should, however, be identified on the ele- 


mentary diagram as to when it closes. 


In the case of latched-in or hand-reset locking-out relays, 
which operate from protective devices to perform the shut- 
down of an equipment and to hold it out of service, the 
contacts should preferably be shown in the normal non- 
locking-out position, In general, any devices, such as 
electrically-operated latched-in relays, which have no de- 
energized or non-operated position, and have not been 
specifically covered in the above paragraphs should have 
their contacts shown in the position most suitable for the 
ready understanding of the operation of the devices in the 
equipment, and sufficient description should be present, 
as necessary, on the elementary diagram to indicate the 
contact operation. 


